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Acceleration  Effects  on  Precision  Frequency  Sources 


I.  Description  of  the  Phenomenon 


A.  General 


Precision  frequency  sources,  both  quartz  and  atomic,  are  affected  by  acceleration. 
The  magnitude  of  a  quartz  crystal  oscillator's  acceleration-induced  frequency  shift  is 
proportional  to  the  magnitude  of  the  acceleration,  it  also  depends  on  the  direction  of  the 
acceleration,  and  on  the  acceleration  sensitivity  of  the  oscillator.  It  has  been  shown, 
empirically,  that  the  acceleration  sensitivity  of  a  quartz  crystal  oscillator  is  a  vector 
quantity  [1],  Therefore,  the  frequency  during  acceleration  can  be  written  as  a  function  of 
the  scalar  product  of  two  vectors 

f(a)-f,(  i*r.S)  (1> 

where  f(a)  is  the  resonant  frequency  of  the  oscillator  experiencing  acceleration  a ,  f0  is 
the  frequency  with  no  acceleration  (often  called  the  "carrier  frequency"),  and  f  is  the 
acceleration-sensitivity  vector  of  the  oscillator.  The  frequency  of  an  accelerating  oscillator 
is  a  maximum  when  the  acceleration  is  parallel  to  the  acceleration-sensitivity  vector.  The 
freqvjncy  shift,  f(a)  -  f0  =  Af,  is  zero  for  any  acceleration  in  the  plane  normal  to  the 
acceleration-sensitivity  vector,  and  it  is  negative  when  the  acceleration  is  antiparallel  to 
the  acceleration-sensitivity  vector.  The  frequency  change  due  to  acceleration  is  usually 
expressed  as  a  normalized  frequency  change,  where,  it  follows  from  Equation  (1)  that 

E-r-a.  (2) 

fo 

Typical  values  of  |r|  for  precision  crystal  oscillators  are  in  the  range  of  10 8  per  g  to  10 10 
per  g.  |F|  is  independent  of  acceleration  amplitude  for  the  commonly  encountered 
acceleration  levels  (i.e.,  at  least  up  to  20g);  however,  high  acceleration  levels  can  result 
in  changes  in  the  crystal  unit  (e.g.,  in  the  mounting  structure)  that  can  lead  to  r  being  a 
function  of  acceleration,  r  can  also  be  a  function  of  temperature  [2J. 

In  an  atomic  frequency  standard,  the  frequency  of  a  voltage  controlled  crystal 
oscillator  (VCXO)  is  multiplied  and  locked  to  the  frequency  of  an  atomic  resonator.  The 
effects  of  acceleration  on  atomic  standards  can  be  divided  into  crystal  oscillator  effects, 
atomic  resonator  effects,  and  servo  loop  effects.  The  extent  to  which  an  acceleration- 
induced  VCXO  frequency  shift  affects  the  output  frequency  of  the  atomic  standard 
depends  on  the  rate  of  change  of  acceleration  relative  to  the  atomic  resonator-to-crystal 
oscillator  servo  loop  time  constant,  V  Fast  acceleration  changes  (fvte»1/2jrt0)  will  cause 
the  atomic  standard's  acceleration  sensitivity  to  be  that  of  the  VCXO,  since  the  servo  loop 
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will  not  be  fast  enough  to  correct  the  VCXO.  Slow  acceleration  changes  (^<<1/2xl)  will 
have  little  effect  on  the  output  frequency  to  the  extent  that  the  servo  loop  gain  is  sufficient 
to  correct  the  VCXO  frequency  to  that  of  the  atomic  resonator.  However,  it  has  been 
observed  that  a  constant  frequency  offset  may  appear  in  the  case  where  the  atomic 
standard  is  submitted  to  a  periodic  vibration,  even  if  its  frequency  is  lower  than  1/27^. 
As  is  shown  in  Appendix  A,  this  is  a  servo  loop  effect  and  it  occurs  when  the  acceleration 
induced  frequency  change  shows  a  distortion,  with  a  component  at  twice  the  acceleration 
frequency  in  addition  to  that  at  the  fundamental  vibration  frequency.  In  the  case 
fvto«1/2Trt0,  the  spurious  constant  frequency  offset  is  very  efficiently  attenuated  when  the 
value  of  ^  is  decreased. 

In  general,  vibration  near1  the  servo  loop  modulation  frequency,  f^,  (or  near 
multiples  or  submultiples  of  f^)  can  cause  significant  frequency  offsets  in  passive  atomic 
frequency  standards  if  the  mechanical  structure  produces  responses  at  harmonics  of  the 
vibration  frequency.  In  the  case  of  rubidium  frequency  standards,  vibration  of  the  physics 
package  at  f^  can  modulate  the  light  beam,  producing  a  spurious  signal  that  can 
confuse  the  servo  system  and,  thereby,  cause  a  frequency  offset  (in  a  manner  identical 
to  that  for  cesium  standards  described  below).  Vibration  of  the  VCXO  at  even  multiples 
of  \mod  produces  sidebands  on  the  microwave  excitation  to  the  Rb  physics  package  that 
causes  a  frequency  offset  via  an  intermodulation  effect  [3-8].  A  loss  of  microwave 
excitation  power  can  occur  at  low  vibration  frequencies,  as  is  shown  in  an  example  in 
Appendix  B,  section  D. 

At  low  acceleration  levels,  properly  designed  atomic  resonators  possess  very  low 
acceleration  sensitivities;  however,  high  acceleration  levels  (e.g.,  >  lOg)  can  produce 
significant  effects.  For  example,  in  a  rubidium  standard  [3,4],  the  acceleration  can  change 
the  location  of  the  molten  Rb  inside  the  Rb  lamp,  and  it  can  cause  mechanical  changes 
which  result  in  deflection  of  the  light  beam.  Both  effects  can  result  in  a  change  in  light 
and  signal  output,  that,  due  to  light  shift  and  servo  offset  mechanisms,  can  cause  a 
frequency  shift.  Mechanical  damage  can  cause  rf  power  changes  that,  due  to  the  rf 
power  shift  effect,  can  cause  a  frequency  shift. 

In  a  cesium  standard  [8,9],  high  acceleration  levels  can  affect  the  accuracy  and 
stability  of  the  output  frequency  through  mechanisms  which  modify  the  position  of  the 
atomic  trajectory  with  respect  to  the  tube  structure.  This  is  most  serious  when  the 
vibration  frequency  is  near  the  servo  modulation  frequency.  The  vibration  modulates  the 
amplitude  of  the  detected  beam  signal.  The  net  effect  of  this  phenomenon  is  normally 
of  no  consequence  due  to  the  fact  that  the  perturbing  vibration  must  be  at  or  very  near 
the  servo  modulation  frequency  and  must  be  stable  in  frequency  as  well.  When  the 
acceleration  is  very  near  the  servo  modulation  frequency,  the  vibration  induced  amplitude 
perturbation  of  the  detected  beam  can  be  synchronously  detected,  leading  to  large  output 


1  i.e.,  within  the  servo  loop  bandwidth. 
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frequency  errors.  It  should  be  noted  that  this  problem  is  of  minimal  concern  in  actual 
applications  due  to  the  requirements  on  the  precision  and  stability  of  the  frequency  of  the 
perturbing  acceleration. 

A  more  subtle  problem  arises  from  the  effects  on  the  position  of  the  beam  with 
respect  to  the  microwave  interrogating  cavity  via  distributed  cavity  phase  shift  effects. 
Another  subtle  effect  arises  from  the  potential  to  modify  the  detected  velocity  distribution. 
The  magnitude  of  these  effects  is  small  when  compared  to  the  vibration  induced 
amplitude  modulation  perturbations  described  above. 

Acceleration  effects  can  also  cause  frequency  offsets  in  cesium  frequency 
standards  via  degradation  of  the  amplitude  of  the  interrogating  microwave  signal.  This 
can  happen  as  a  result  of  detuning  of  the  frequency  multipliers.  Good  mechanical  design 
and  thorough  qualification  of  the  design  will  minimize  problems  in  this  area. 

In  hydrogen  masers,  the  most  acceleration-sensitive  part  is  the  microwave  cavity 
[1 0].  A  deformation  of  the  cavity  structure  causes  a  shift  of  the  cavity  resonant  frequency. 
This  induces  a  change  of  the  maser  frequency  via  the  cavity  pulling  effect.  A  cavity 
autotuning  system  is  able  to  suppress  this  effect  if  the  acceleration  change  is  sufficiently 
smaller  than  1/2rct0,  where  t0  i  >  the  cavity  servo  loop  time  constant. 

B.  Types  of  Acceleration  Effects 

1.  Steady-State  Acceleration 

When  an  oscillator  is  subjected  to  steady-state  acceleration,  the  normalized 
frequency  shifts  by  f  •  a ,  per  Equation  (2).  Steady-state  acceleration  occurs,  for 
example,  during  the  launching  of  a  rocket,  in  an  orbiting  satellite,  in  a  centrifuge,  and  in 
a  gravitational  field. 

2.  Gravity  Change  Effects 

The  frequency  shift  described  in  Equation  (2)  is  also  induced  by  the  acceleration 
due  to  gravity.  One  manifestation  occurs  when  an  oscillator  is  turned  upside  down  (on 
earth).  This  is  commonly  referred  to  as  "2g-tipover."  During  2g-tipover,  the  magnitude 
of  the  gravity  field  is  1  g  in  the  direction  towards  the  center  of  the  earth.2  As  is  discussed 
in  Appendix  C,  use  of  Equations  1  and  2  for  gravitational  field  effects  necessitates 
defining  the  acceleration  of  gravity  as  pointing  away  from  the  center  of  the  earth  so  that 
the  direction  of  F  is  consistent  with  the  direction  one  obtains  for  conventional  acceleration. 

When  an  oscillator  is  rotated  1 80°  about  a  horizontal  axis,  the  scalar  product  nf  the 
gravitational  field  and  the  unit  vector  normal  to  the  initial  "top"  of  the  oscillator  changes 


2  The  magnitude  of  acceleration  is  in  units  of  g,  i.e.,  the  magnitude  of  the  earth’s 
gravitational  acceleration  at  sea  level,  980  cm/sec2. 
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from  -1g  to  +1g,  i.e.,  by  2g.  Figure  1  shows  actual  data  of  the  fractional  frequency  shifts 
of  an  oscillator  when  the  oscillator  was  rotated  about  three  mutually  perpendicular  axes 
in  the  earth’s  gravitational  field.  For  each  curve,  the  axis  of  rotation  was  horizontal.  The 
sinusoidal  shape  of  each  curve  is  a  consequence  of  the  scalar  product  being  proportional 
to  the  cosine  of  the  angle  between  the  acceleration-sensitivity  vector  and  the  acceleration 
due  to  gravity,  as  is  explained  in  more  detail  in  Appendix  C. 


Another  type  of  gravity  change  effect  occurs  when,  for  example,  a  spacecraft 
containing  an  oscillator  is  sent  into  space.  The  oscillator's  frequency  will,  again,  change 
in  accordance  with  Equation  (1). 

3.  Vibration  Effects 

The  effects  of  vibration  on  frequency  stability  are  reviewed  in  Appendix  B  and  by 
Filler  [1].  The  effects  can  be  summarized  as  follows: 

a.  Sinusoidal  Vibration 

As  is  shown  in  Appendix  B,  for  a  small  modulation  index,  p  =  Af/fv  =  (f  •  X)f</fv  < 
0.1,  sinusoidal  vibiation  produces  spectral  lines  at  ±  fv  from  the  carrier,  where  fv  is  the 
vibration  frequency: 
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(3) 


ff-(0  -20  log 


<r  ->$o 

2'v 


(NOTE:  St(t)  are  spectral  lines  (i.e.,  delta  functions)  not  spectral  densities.)  Most  of  the 
power  is  in  the  carrier,  a  small  amount  is  in  the  first  spectral  line  pair,  and  the  higher 
order  spectral  lines  are  negligible.  Appendix  B  contains  an  example  calculation  of 
sinusoidal  vibration-induced  spectral  lines. 


b.  Random  Vibration 


For  a  small  modulation  index,  random  vibration’s  contribution  to  phase  noise  is 
given  by: 


«(/)  -  20  log 


NO 


(4) 


where  |A|  *  ((2)(PSD)],/2  and  PSD  is  the  power  spectral  density  of  the  vibration.  The  use 
ol  Sf(l)  is  in  conformance  with  IEEE-1139-1988  [11].  Appendix  B  contains  example 
calculations.  As  can  be  seen  from  the  examples,  vibrating  platforms  can  cause  severe 
phase  noise  degradation. 


Not  only  does  random  vibration  degrade  the  spectrum,  but  the  time  errors  due  to 
random  vibration  also  accumulate.  The  time  (or  phase)  errors  do  not  average  out 
because  the  white  frequency  noise  is  integrated  to  produce  random  walk  of  the  phase. 
The  noise  of  an  oscillator  produces  time  prediction  errors  of  ~xoy(x)  for  prediction  intervals 
oft  [12]. 


c.  Acoustic  Noise 

MIL-STD-810D  describes  the  effects  of  acoustic  noise  as  follows:  "Acoustic  noise 
con  produce  vibration  in  equipment  similar  to  that  produced  by  mechanically  transmitted 
vibration  In  an  acoustic  noise  field,  pressure  fluctuations  impinge  directly  on  the 
equipment  The  attenuation  effects  of  mechanical  transmission  are  missing  and  the 
response  of  the  equipment  can  be  significantly  greater.  Further,  components  which  are 
effectively  isolated  from  mechanical  transmission  will  be  excited  directly.  Examples  of 
acoustically  induced  problems: 

a.  Failure  of  microelectronic  component  lead  wires. 

b.  Chafing  of  wires. 

c.  Cracking  of  printed  circuit  boards..." 

In  addition  to  these  problems,  the  response  of  an  oscillator  to  acoustic-noise-induced 
acceleration  is  the  same  as  the  response  to  any  other  type  of  vibration,  i.e.,  the  acoustic 
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noise  modulates  the  oscillator’s  frequency  [13].  The  modulation  (or  phase  noise 
degradation)  is  a  function  of  the  acoustic-noise-induced  vibration's  amplitudes,  directions, 
and  frequencies. 

Acoustic  noise  can  have  a  broad  spectrum.  For  example,  in  a  missile  environment, 
it  may  extend  to  frequencies  above  50  kHz.  An  effect  of  such  noise,  e.g.,  in  100  MHz  5th 
overtone  resonators,  may  be  the  excitation  of  flexural  modes  (microphonics)  in  the  crystal 
plate  [14].  These  flexural  modes  in  turn  can  produce  undesirable  spectral  lines  in  the 
ghase  noise  spectrum.  The  magnitudes  of  these  lines  are  independent  of  the  resonator's 
f  and  depend  chiefly  on  the  plate  geometry  and  mounting  structure. 

Acoustic  noise  can  be  especially  troublesome  in  certain  applications.  For  example, 
when  an  extremely  low  noise  oscillator  was  required  in  an  aircraft  radar  application,  after 
the  system  designers  built  a  three-level  vibration  isolation  system  to  isolate  the  oscillator 
from  the  vibration  of  the  aircraft,  they  discovered  that  the  isolation  systt  railed  to  deliver 
the  expected  phase  noise  of  the  oscillator  because  the  isolation  system  failed  to  deal  with 
the  acoustic  noise  in  the  aircraft;  i.e.,  the  isolation  system  was  effective  in  isolating  the 
oscillator  from  the  vibrations  of  the  airframe,  but  it  was  ineffective  in  blocking  the  intense 
sound  waves  that  impinged  on  the  oscillator. 

d.  Oscillator  Sustaining  Stage  Vibration 

When  a  crystal  oscillator  is  subjected  to  vibration,  the  primary  cause  of  the 
resultant  output  signal  frequency  modulation  is  the  acceleration  sensitivity  of  the  quartz 
crystal  resonator.  However,  vibration-induced  mechanical  motion  in  other  circuit 
components,  and  in  the  circuit  board  itself,  can  also  result  in  output  signal  frequency 
and/or  phase  modulation.  In  general,  these  effects  are  more  pronounced  in  higher 
frequency  (i.e.,  VHF)  oscillators  due  to  a  combination  of:  (1 )  increased  circuit  signal  phase 
sensitivity  to  mechanical  motion  (i.e.,  increased  phase  shift  for  a  given  amount  of  circuit 
reactance  variation  due  to  a  larger  resonator  C,),  and  (2)  decreased  crystal  resonator  Q. 

If  the  vibration-induced  circuit  phase  shift  occurs  inside  the  oscillator  feedback  loop, 
there  will  be  a  conversion  of  phase-to-frequency  modulation  for  vibration  frequencies 
within  the  resonator  half-bandwidth.  The  phase-to-frequency  conversion  is  related  to  the 
resonator  group  delay  (i.e.,  loaded  Q).  For  vibration  frequencies  in  excess  of  the 
resonator  half-bandwidth,  the  vibration-induced  phase  modulation  sidebands  may  or  may 
not  be  further  attenuated,  depending  on  whether  or  not  the  induced  modulation  is 
occurring  in  a  portion  of  the  circuit  signal  path  which  is  subject  to  resonator  frequency 
selectivity. 

Methods  for  minimizing  these  effects  include  use  of  multiple  circuit  board  chassis 
mounting  points,  circuit  potting,  wire  and  cable  tie  down,  elimination  of  adjustable 
components  or  post-tuning  cementing  in  place  of  adjustors,  avoidance  of  non-potted  and 
non-shielded  inductors,  and  avoidance  of  very  high  circuit  nodal  impedances  that  are 


sensitive  to  nodal  capacitance  variation.  As  an  example,  measurements  on  a  100  MHz 
SC-cut  crystal  oscillator  indicate  that,  when  these  precautions  are  taken,  sustaining  stage 
carrier  signal  phase  shift  sensitivity  to  vibration  on  the  order  of  1CT6  radians  per  g  can 
typically  be  obtained.  This  represents  a  situation  where  sustaining  stage  vibration- 
induced  signal  phase  modulation  becomes  dominant  (as  compared  to  resonator  frequency 
modulation  effects)  only  at  vibration  frequencies  in  excess  of  approximately  50  kHz. 

e.  Frequency  Multiplication 

Upon  frequency  multiplication  by  a  factor  N,  the  vibration  frequency  fv  is  unaffected 
since  it  is  an  external  influence.  The  peak  frequency  change  due  to  vibration,  Af, 
however,  becomes 

Af*(T‘A)Nf0. 

The  modulation  index  p  is  therefore  increased  by  the  factor  N.  Expressed  in  decibels, 
frequency  multiplication  by  a  factor  N  increases  the  phase  noise  by  20  log  N. 

When  exposed  to  the  same  vibration,  the  relationship  between  the  vibration- 
induced  phase  noise  of  two  oscillators  with  the  same  vibration  sensitivity  and  different 
carrier  frequencies  is 

2B(f)=<tA(f)  +  20\OQ(fB/fA),  (6) 

where  SfA(f)  is  the  sideband  level,  in  dBc/Hz  (or  dBc  for  sinusoidal  vibration),  of  the 
oscillator  at  frequency  fA,  and  Sf^f)  is  the  sideband  level  of  the  oscillator  at  frequency  fB. 
For  the  same  acceleration  sensitivity,  vibration  frequency  and  output  frequency,  the 
sidebands  are  identical,  whether  the  output  frequency  is  obtained  by  multiplication  from 
a  lower  frequency  or  by  direct  generation  at  the  higher  frequency.  For  example,  when  a 
2  x  109/g  sensitivity  5.0  MHz  oscillator's  frequency  is  multiplied  by  a  factor  of  315  to 
generate  a  frequency  of  1575  MHz,  its  output  will  contain  vibration-induced  sidebands 
which  are  identical  to  those  of  a  1 575  MHz  SAW  oscillator  which  has  the  same  2  x  1 0  9/g 
sensitivity. 


f.  Large  Modulation  Index 

A  large  modulation  index,  i.e.,  p  >  0.1,  can  occur  in  UHF  and  higher  frequency 
systems,  and  at  low  vibration  frequencies.  When  the  modulation  index  is  large,  it  is 
possible  for  the  sidebands  to  be  larger  than  the  carrier.  At  the  values  of  p  where 
JG(P)  =  0,  e.g.,  at  p  =  2.4,  the  sidebands-to-carrier  power  ratio  goes  to  infinity  (see 
equation  (B.9)  in  Appendix  B),  which  means  that  all  of  the  power  is  in  the  sidebands, 
none  is  in  the  carrier.  Such  "carrier  collapse"  can  produce  catastrophic  problems  in  some 
applications.  See  Appendix  B  for  large  modulation  index  examples. 
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g.  Two-Sample  Deviation 


The  two-sample  deviation  [11]  (or  square-root  of  the  Allan  variance)  ay(t)  is 
degraded  by  vibration  because  the  vibration  modulates  the  oscillator’s  output  frequency. 
The  typical  degradation  due  to  sinusoidal  vibration  varies  with  averaging  time,  as  shown 
in  Figure  2.  Since  a  full  sine  wave  averages  to  zero,  the  degradation  is  zero  for 
averaging  times  that  are  integer  multiples  of  the  period  of  vibration.  The  peaks  occur  at 
averaging  times  that  are  odd  multiples  of  half  the  period  of  vibration.  The  ay(x)  due  to  a 
single-frequency  vibration  is: 


F  *  a  ^ v  ;  2  /_.  x  \ 
- sin'1  {n  — ) , 

jt  x 


(7) 


where  is  the  period  of  vibration,  x  is  the  measurement  averaging  time,  T  is  the 
acceleration  sensitivity  vector,  and  a  is  the  acceleration. 


Fig.  2.  Vibration-Induced  Allan  Variance  Degradation  Example  (fv  =  20  Hz,  |a| 
I.Og,  |F|  =  1  x  10 9/g). 


h.  Integrated  Phase  Noise.  Phase  Excursions.  Jitter  and  Wander 

Specialists  in  crystal  resonators  and  oscillators  generally  characterize  phase  noise 
by  S4(f)  or  tf(f)  [11].  Many  users  of  crystal  oscillators,  however,  characterize  phase  noise 
in  terms  of  "phase  jitter." 

In  digital  communications,  the  terms  jitter  and  wander  are  used  in  characterizing 
timing  instabilities.  Jitter  refers  to  the  high-frequency  timing  variations  of  a  digital  signal 
and  wander  refers  to  the  low-frequency  variations.  The  dividing  line  between  the  two  is 
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often  taken  to  be  10  Hz.  Wander  and  jitter,  whether  caused  by  vibration  or  otherwise, 
can  be  characterized  by  the  appropriate  measurement  of  the  RMS  time  error  of  the  clock. 
A  10  Hz  low  pass  filter  should  be  used  to  remove  the  effects  of  jitter  if  necessary.  For 
very  high  Fourier  frequencies  or  short  integration  times,  it  may  be  necessary  to  calculate 
the  jitter  from  the  spectrum  rather  than  to  measure  it  directly.  For  example,  the  mean- 
square  phase  jitter  during  a  one-tenth  second  interval  is  the  integral  of  the  phase 
instability  S4(f)  over  the  Fourier  frequency  range  from  10  Hz  to  infinity  [12]. 


The  integrated  phase  noise  for  the  bandwidth  f,  to  f2  is 

A<t>?  -  / S,{f)df. 

For  random  vibration,  it  can  be  shown  that 

S,(0--iT<PSD)(|f|/J‘. 


(8) 


(9) 


When  the  oscillator  is  subjected  to  a  simple  sinusoidal  vibration,  the  peak  phase 
excursion  follows  from  Equation  (B.6),  i.e., 

flfv.  (10) 

In  a  phase-locked-loop,  for  example,  the  magnitude  of  the  phase  excursion  determines 
whether  or  not  the  loop  will  break  lock  under  vibration.  For  example,  if  a  10  MHz,  1  x 
109/g  oscillator  is  subjected  to  a  10  Hz  sinusoidal  vibration  of  amplitude  1  g,  the  peak 
vibration-induced  phase  excursion  is  1  x  10'3  radians.  If  this  oscillator  is  used  as  the 
reference  oscillator  in  a  10  GHz  radar  system,  the  peak  phase  excursion  at  10  GHz  will 
be  1  radian.  Such  a  large  phase  excursion  can  be  catastrophic  to  the  performance  of 
many  systems,  such  as  those  which  employ  phase-locked-loops  (PLL)  or  phase  shift 
keying  (PSK). 

i.  Spectral  Responses  at  Other  than  the  Vibration  Frequency 

Spectral  responses  at  other  than  the  vibration  frequency  may  arise  from  a 
nominally  sinusoidal  vibration  source  of  frequency  fv,  if  the  source  is  not  a  pure  sinusoid 
[14].  This  usually  occurs  when  the  source  is  driven  hard  to  generate  vibration  near  its 
maximum  output  power,  so  that  it  operates  in  the  nonlinear  regime.  Under  these 
circumstances,  the  spectrum  of  the  vibration  source  itself  will  contain  not  only  the  spectral 
line  at  frequency  fv  but  also  lines  at  harmonic  frequencies,  2fv,  3fv,  etc.  A  spectrum  check 
of  the  vibration  source  is  recommended  in  such  cases. 


Even  if  the  vibration  source  is  a  pure  sinusoid  at  frequency  fv,  it  is  still  possible  to 
excite  oscillator  vibration  responses  at  harmonically  related  vibration  frequencies  2fv,  3fv, 
etc.  if  the  vibration  level  is  excessive  so  as  to  drive  materials  in  the  oscillator  into  the 
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nonlinear  range.  This  situation  is  readily  identified  by  observing  the  effect  of  reducing  the 
vibration  source  amplitude. 

Oscillator  spectral  responses  at  other  than  the  vibration  frequency  have  also  been 
observed  in  cases  where  the  oscillator  is  subjected  to  a  random  vibration  spectrum. 
These  responses  are  excited  at  frequencies  much  higher  than  the  exciting  spectrum  and 
are  the  result  of  nonlinear  phenomena  in  the  crystal  plate  and/or  the  oscillator.  The 
responses  are  in  the  form  of  spectral  lines  at  carrier  offset  frequencies  that  correspond 
to  the  flexural  modes  of  the  crystal  plate.  The  flexural  mode  frequencies  are  determined, 
in  decreasing  order  of  importance,  by  the  number  of  crystal  plate  support  posts,  by  the 
plate  thickness  and  by  the  crystal  cut.  For  example,  the  typical  spectral  response  range 
in  a  100  MHz,  4-post  supported  crystal  plate  extends  upward  from  12.2  kHz,  the 
fundamental  mode  flexural  frequency  [14].  It  has  been  observed  that  these  responses 
are  minimized  in  a  crystal  plate  tha,'  is  compliantly  supported  rather  than  hard  mounted. 

4.  Shock  Effects 

When  a  crystal  oscillator  experiences  a  shock,  frequency  (and  phase)  excursions 
result  which,  in  a  properly  designed  oscillator,  are  due  primarily  to  the  quartz  resonator’s 
stress  sensitivity.  The  magnitude  of  the  excursion  is  a  function  of  resonator  design,  and 
of  the  shock-induced  stresses  on  the  resonator.  (Resonances  in  the  mounting  structure 
will  amplify  the  stresses.)  A  permanent  frequency  offset  usually  results  which  can  be  due 
to:  shock-induced  stress  changes  (when  some  elastic  limits  in  the  resonator  structure  are 
exceeded),  the  removal  of  (particulate)  contamination  from  the  resonator  surfaces,  and 
changes  in  the  oscillator  circuitry,  e.g.,  due  to  changes  in  stray  capacitances. 

The  shock-produced  phase  excursions  can  be  calculated  from  Equations  (B.  1 )  and 
(B.5),  with  the  proviso  that  at  high  acceleration  levels,  f  may  be  a  function  of  a.  For 
example,  for  a  half-sine  shock  pulse  of  duration  D 

A<J>.  *2Df0Y-a.  f11) 

Upon  frequency  multiplication  by  N,  the  AtJ)^  becomes  N  times  larger,  so  in  systems 
where  the  frequency  is  multiplied  to  microwave  (or  higher)  frequencies,  the  shock-induced 
phase  excursion  can  cause  serious  problems,  such  as  loss  of  lock  in  PLL  systems,  and 
bit  errors  in  PSK  systems. 

Survival  under  shock  (and  under  vibration)  is  primarily  a  function  of  resonator 
surface  imperfections.  Even  minute  scratches  on  the  surfaces  of  the  quartz  plate  result 
in  orders  of  magnitude  reductions  in  the  resonator's  shock  resistance  [15],  Chemical¬ 
polishing-produced  scratch-free  resonators  have  survived  shocks  of  up  to  36,000g  in  air 
gun  tests,  and  have  survived  the  shocks  due  to  being  fired  from  a  155mm  howitzer 
(16,000g,  12ms  duration)  [16]. 
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In  atomic  frequency  standards,  a  shock-induced  phase  excursion  of  the  VCXO  can 
result  in  a  transitory  loss  of  lock,  however,  this  is  not  a  problem  when  the  shock  duration 
is  smaller  than  the  servo  loop  time  constant,  which  is  often  the  case.  When  a  loss  of  lock 
does  occur,  the  recovery  time  is  a  function  of  the  servo  loop  time  constant.  The  phase 
excursions  of  the  VCXO,  and  of  the  output  crystal  filter,  can  have  a  significant  effect  on 
the  clock  output,  which  can  disturb  the  host  system.  Shock-induced  mechanical  damage 
can  cause  changes  (e.g.,  light  and  rf  power  changes  in  Rb  standards)  that  can  produce 
a  permanent  frequency  offset.  For  atomic  standards  employing  Ramsey  interrogation, 
large  (2  x  10  8)  shock-induced  permanent  frequency  shifts  of  the  VCXO  can  cause  false 
lock  acquisition  to  the  satellite  peaks  in  the  Ramsey  resonance. 

5.  Acceleration  Effects  in  Crystal  Filters 

Some  frequency  sources,  such  as  synthesizers,  atomic  frequency  standards,  and 
precision  crystal  oscillators  with  post-filters,  contain  crystal  filters.  In  these  applications 
they  are  often  called  spectrum  cleanup  filters;  however,  under  vibration  such  filters 
modulate  the  signals  passing  through  them,  adding  as  well  as  removing  vibration-related 
sidebands.  Hence,  spectrum  cleanup  filters  must  be  used  with  great  care  in  systems 
subject  to  vibration. 

It  is  well  known  that  the  principal  vibration  effect  in  crystal  filters  is  phase 
modulation,  although  some  amplitude  modulation  may  also  occur  [17,18].  Appendix  D 
contains  a  further  discussion  and  examples  of  calculated  results  for  the  total  vibration- 
induced  phase  modulation  of  frequency  source  with  post-filters. 


II.  Specifications 

Acceleration  sensitivity  can  be  specified  several  ways.  The  appropriate 
specification  method  depends  on  the  application  and  on  the  types  of  accelerations  that 
can  be  expected  to  adversely  influence  the  oscillator’s  performance.  The  general  military 
specification  for  crystal  oscillators  [19],  MIL-O-5531 0,  attempts  to  address  all  aspects  of 
acceleration  sensitivity.  The  paragraphs  dealing  with  acceleration  sensitivity  are 
reproduced  in  Appendix  E.  Although  MIL-O-5531 0  was  written  for  crystal  oscillators, 
because  the  output  frequencies  of  atomic  frequency  standards  originate  from  crystal 
oscillators,  and  because  no  comparable  document  exists  that  addresses  atomic  standards 
specifically,  MIL-O-5531 0  can  also  serve  as  a  suitable  guide  to  specifying  atomic 
standards. 
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III.  Test  Methods 


A.  2-g  Hoover  Test 

In  the  past,  the  2-g  tipover  test  has  often  been  used  by  manufacturers  (and 
researchers)  to  characterize  oscillators'  acceleration  sensitivity.  This  test  method  is 
deceptively  simple  because  if  not  used  carefully,  it  can  yield  false  and  misleading  results. 

The  simple  2-g  tipover  test  consists  of  measuring  the  frequency  changes  when  an 
oscillator  is  turned  upside  down  three  times,  about  three  mutually  perpendicular  axes. 
The  magnitude  of  the  acceleration  sensitivity  is  then  the  vector  sum  (square-root  of  the 
sum  of  the  squares)  of  the  three  frequency  changes  per  g  (where,  for  each  axis,  the 
frequency  change  per  g  is  one-half  of  the  measured  frequency  change). 

There  are  some  serious  problems  with  using  the  2-g  tipover  test:  1)  the  test  is 
applicable  only  to  high  quality  oven-controlled  oscillators  because  in  non-temperature- 
controlled  oscillators,  the  frequency-shifts  due  to  ambient  temperature  changes  will 
exceed  the  acceleration-induced  frequency  changes,  and,  thereby,  make  the  test  results 
worthless;  2)  many  oven-controlled  oscillators  are  not  suitable  for  characterization  by  the 
2-g  tipover  test,  because  rotation  of  the  oscillator  results  in  temperature  changes  (due  to 
air  convection)  inside  the  oven  that  can  mask  the  effects  due  to  acceleration  changes; 
similarly,  in  atomic  standards,  changes  in  internal  thermal  distribution  resulting  from  the 
tipover  will  mask  acceleration  effects;  3)  the  results  are  poor  indicators  of  performance 
under  vibration  when  the  vibration  frequencies  of  interest  include  resonances  (see  section 
IV);  4)  since  magnetic  fields  can  change  the  frequencies  of  crystal  oscillators  -  10 11  to 
10 10  per  gauss  [20],  rotation  in  the  earth's  magnetic  field  can  produce  significant  errors 
while  measuring  (unshielded)  low-acceleration-sensitivity  crystal  oscillators;  and  5)  in 
atomic  frequency  standards,  effects  of  the  earth's  magnetic  field  can  dominate  the  results, 
and  for  the  reasons  discussed  above,  the  results  will  be  irrelevant  to  the  performance 
under  vibration  if  during  2-g  tipover  testing  the  acceleration  changes  with  a  time  constant 
that  is  larger  than  the  servo-loop  time  constant. 

A  2-g  tipover  test  that  is  far  more  reliable  than  the  simple  test  described  above 
consists  of  measuring  the  fractional  frequency  changes  corresponding  to  small  changes 
in  orientation  with  respect  to  the  earth’s  gravitational  field,  e.g.,  as  shown  in  Figure  1. 
The  oscillator  is  first  rotated,  e.g.,  in  22.5°  increments,  360°  about  an  axis  (which  is 
usually  one  of  the  major  axes  of  the  oscillator).  From  the  frequency  changes  during  this 
rotation,  one  can  determine  two  out  of  the  three  components  of  f  (keeping  in  mind  that 
a  ■  -g  in  Equations  1  and  2,  as  is  discussed  in  Appendix  C).  The  oscillator  is  then 
similarly  rotated  360°  about  a  second  axis  that  is  perpendicular  to  the  first.  From  the 
frequency  changes  during  this  second  rotation,  one  can  determine  the  third  component 
of  P,  and,  simultaneously,  obtain  a  self-consistency  check  for  one  of  the  other  two 
components  (i.e.,  the  one  that  is  normal  to  both  the  first  and  second  axes  of  rotation). 
The  calculation  details  are  shown  in  Appendix  C,  where  it  is  also  shown  that  the 
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frequency  change  vs.  orientation,  Af(0)  vs.  0,  is  a  sinusoidal  function.  The  frequency 
changes  during  rotation  about  the  third  axis  can  provide  additional  self-consistency 
checks  for  the  two  components  of  F  that  are  normal  to  the  third  axis,  if  the 
measurements  are  not  self-consistent,  and  if  there  are  large  deviations  in  the  Af(0)  vs.  0 
from  the  best  fit  to  a  sinusoidal  function,  as  will  generally  be  the  case  If,  for  example,  the 
resonator's  temperature  changes  during  the  test,  then  the  2-g  tipover  test  result  is 
unreliable.  It  should  be  noted  that,  in  this  2-g  tipover  test  too,  the  earth’s  magnetic  field 
can  produce  significant  errors  if  the  oscillator  is  unshielded  and  if  the  oscillator  possesses 
low  acceleration  sensitivity. 

B.  Vibration  Tests 


The  sidebands  generated  by  sinusoidal  vibration  can  be  used  to  measure  the 
acceleration  sensitivity.  From  Equation  (3) 


A  UJ 


0s,  where  B  -  £*’,.(/,)/ 20 


(12) 


and  where  r,  and  A,  are  the  components  of  the  acceleration  sensitivity  vector  and  of  the 
acceleration,  respectively,  in  the  i  direction.  Measurements,  along  three  mutually 
perpendicular  axes  are  required  to  characterize  r,  which  becomes 

Nr,l-r(/.r,<  <13> 


with  a  magnitude  of 

Ifi-rf-rf.ri)1*.  (14) 

One  scheme  for  measuring  r  is  shown  in  Figure  3.  The  local  oscillator  is  used  to  mix 
the  carrier  frequency  down  to  the  range  of  the  spectrum  analyzer.  If  the  local  oscillator 
is  not  modulated,  the  relative  sideband  levels  are  unchanged  by  mixing.  The  frequency 
multiplier  is  used  to  overcome  dynamic  range  limitations  of  the  spectrum  analyzer,  using 
the  "20  log  N"  enhancement  discussed  previously.  The  measured  sideband  levels  must 
be  adjusted  for  the  multiplication  factor  prior  to  insertion  into  Equation  (12).  It  must  be 
stressed  that  Equation  (12)  is  valid  only  if  p  <  0.1.  A  sample  measurement  output  and 
calculation  is  shown  in  Figure  4. 

In  order  to  detect  frequency  sensitivities,  e.g.,  due  to  vibration  resonances,  the 
sideband  levels  need  to  be  measured  at  multiple  vibration  frequencies  -  e.g.,  see 
paragraph  4.9.38.2  of  MIL-O-5531 0C  in  Appendix  E.  An  alternative  to  using  a  series  of 
vibration  frequencies  is  to  use  random  vibration,  e.g.,  as  described  by  D.  J.  Healy,  III,  et 
al.  (21). 
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Fig.  3.  Acceleration  Sensitivity  Measurement  System. 


Refinements  of  the  vibration-induced-sideband  method  of  measuring  acceleration 
sensitivity  have  been  described  by  M.  M.  Driscoll  [22],  and  by  M.  H.  Watts,  et  al.  [23]. 
Driscoll's  method  provides  for  minimization  of  measurement  errors  due  to  cable  vibration. 
The  method  also  allows  measurement  of  acceleration  sensitivity  of  the  resonator  alone. 
The  resonator  is  mounted  on  the  shake  table  and  is  connected  to  the  oscillator  circuitry 
via  a  quarter  wavelength  cable.  The  oscillator  circuitry  remains  at  rest  while  the  resonator 
is  vibrated. 

In  the  result  of  the  vibration-induced-sideband  method _of  measuring  acceleration 
sensitivity,  there  is  a  180°  ambiguity  in  the  direction  of  r,  i.e.,  the  results  cannot 
distinguish  between  two  oscillators,  the  F's  of  which  are  antiparallel.  In  the  method  of 
Watts,  et  al.,  the  sensitivity  of  doubly  rotated  quartz  resonators  to  voltages  applied  to  the 
electrodes  is  used  to  resolve  the  ambiguity.  When  the  proper  magnitude  applied  voltage 
is  in-phase  with  the  applied  acceleration,  the  sidebands  are  increased.  When  the  applied 
voltage  is  180°  out  of  phase  wuh  the  acceleration,  the^ sidebands  are  decreased.  The 
method  allows  not  only  the  determination  of  the  sign  of  f,  but  also  the  elimination  of  cable 
vibration  effects. 
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Fig.  4.  Acceleration  Sensitivity  Test  Result  and  Calculation  Example. 

C.  Shock  Tests 

The  shock  testing  of  a  frequency  source  generally  consists  of  measuring  the 
frequency  or  phase  of  the  source  before  and  after  exposing  the  device  to  the  specified 
shock.  The  phase  deviation  resulting  from  the  shock  (which  is  the  time  integral  of  the 
fractional  frequency  change)  can  provide  useful  information  about  the  frequency  excursion 
during  the  shock  (including  the  possible  cessation  of  operation). 

D.  Safety  issues 

During  acceleration  sensitivity  testing,  one  must  ensure  both  the  operator’s  and  the 
equipment's  safety.  Exposing  the  operator  to  high  intensity  noise  may  cause  permanent 
hearing  loss.  In  the  U.S.A.,  OSHA  [24]  regulations  require  employers  to  provide 
protection  against  the  effects  of  high  noise  exposures,  and  to  administer  Ma  continuing 
and  effective  hearing  conservation  program,"  whenever  the  noise  exposures  exceed 
specified  levels.  The  permissible  noise  exposures  are  functions  of  both  the  sound  levels 
and  the  exposure  durations. 

For  both  the  operator's  and  the  equipment's  safety,  all  parts  subjected  to  testing  must 
be  securely  fastened.  The  forces  generated  during  vibration  testing  can  be  high  enough 
to  shear  the  bolts  that  hold  down  the  equipment. 
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IV.  Interactions  and  Pitfalls 


The  two  major  influences  that  can  interact  with  the  effects  of  acceleration  during 
testing  are  thermal  effects  and  magnetic  field  effects.  If  the  oscillator’s  temperature 
changes  during  acceleration-sensitivity  testing,  then  the  temperature-induced  frequency 
shifts  can  interfere  with  measurement  of  the  acceleration-induced  frequency  shifts,  as  is 
discussed  above  in  the  "2-g  Tipover  Test"  section,  for  example.  Another  example  of 
interference  by  thermal  effects  is  the  cooling  due  to  increased  air  flow  during  testing  in 
a  centrifuge. 

Similarly,  ac  magnetic  fields  can  produce  sidebands  which  can  interfere  with  the 
vibration-induced  sidebands,  and  dc  magnetic  fields  can  produce  frequency  offsets  in 
atomic  frequency  standards.  Two  sources  of  magnetic  fields  are  the  earth’s  field,  and 
coils  in  shake-tables  and  centrifuges.  Induced  ac  voltages  due  to  motion  in  the  earth’s 
magnetic  field  and  due  to  magnetic  fields  of  the  shake  table  can  affect,  e.g.,  varactors, 
AGC  circuits,  and  power  supplies.  Since  the  frequency  of  a  vibration-induced  ac  voltage 
is  the  vibration  frequency,  the  sidebands  due  to  ac  voltages  are  superimposed  on  the 
vibration-induced  sidebands.  One  solution  to  shake-table-produced  magnetic  fields  is  to 
use  hydraulic  shakers.  Such  devices  are  less  commonly  available  than  electrodynamic 
shakers,  and  have  a  lower  frequency  range. 

Resonance  phenomena  can  lead  to  other  pitfalls  in  the  determination  and 
specification  of  acceleration  sensitivity.  Resonances  can  occur  not  only  within  the 
oscillator,  but  also  in  the  test  setup  and  in  the  platform  where  the  oscillator  is  to  be 
mounted.  Figure  5  shows  test  results  for  an  oscillator  that  had  a  resonance  at  424  Hz. 
(The  resonance  was  traced  to  a  flexible  circuit  board  within  the  oscillator.)  The  resonance 
amplified  the  acceleration  sensitivity  at  424  Hz  by  a  factor  of  17.  It  is,  therefore, 
important  to  test  oscillators  at  multiple  vibration  frequencies  (with  either  a  series  of 
sinusoidal  vibration  frequencies  or  with  random  vibration)  in  order  to  reveal  resonances. 
It  is  also  important  to  determine  the  resonances  in  the  platform  where  the  oscillator  is  to 
be  mounted,  and  to  take  that  information  into  account  during  the  specification  of 
acceleration  sensitivity. 

The  accelerometers  used  in  vibration-sensitivity  testing  have  non-ideal  frequency 
responses,  usually  at  both  low  (near  DC)  and  high  frequencies.  The  useful  frequency 
range  at  the  high  end  is  limited  by  resonances  in  the  accelerometer.  The  limitations  of 
the  accelerometer  can  be  measured,  and  can  also  usually  be  obtained  from  the 
manufacturer.  The  limitations  should  be  taken  into  account  during  acceleration-sensitivity 
testing.  Similarly,  the  limitations  of  other  components  in  the  test  setup,  e.g,,  the  spectrum 
analyzer,  the  signal  generator  and  the  shake  table  must  be  taken  into  account  (e.g.,  the 
shake  table  may  produce  vibrations  transverse  to  the  intended  direction).  Another  factor 
to  consider  is  that  spectral  responses  at  other  than  the  vibration  frequency  can  occur,  as 
was  discussed  earlier. 
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Fig.  5.  The  Effect  of  a  Resonance  on  the  Measurement  of  Acceleration  Sensitive 
vs.  Vibration  Frequency. 


Vibration  isolation  has  been  proposed  as  the  "fix"  for  the  acceleration  sensitivity  of 
frequency  sources.  The  pitfalls  of  using  such  a  "fix"  are:  1 )  isolation  systems  have  a 
limited  frequency  range  of  usefulness:  outside  this  range,  the  isolation  systems  amplify 
the  problem;  2)  a  single  isolator  isolates  the  vibration  primarily  along  a  single  direction; 
3)  isolation  systems  add  size,  weight  and  cost;  and  4)  most  isolation  systems  are 
ineffective  against  acoustic  noise.  Figure  6  illustrates  the  frequency  response  of  atypical 
passive  vibration  isolator.  It  shows  that,  although  such  a  device  can  be  effective  at  high 
frequencies,  it  amplifies  the  problem  at  low  frequencies,  in  the  region  of  the  isolator's 
resonant  frequency. 


V.  Acceleration  Related  Specifications  and  General  References 

Documents,  in  addition  to  MIL-O-5531 0,  which  are  frequently  called  out  in  the 
specification  of  the  acceleration  sensitivity  testing  of  frequency  sources  are  MIL-STD-202, 
"Test  Methods  for  Electronic  and  Electrical  Component  Parts,"  and  MIL-STD-810, 
"Environmental  Test  Methods  and  Engineering  Guidelines."  Some  of  the  acceleration- 
related  paragraphs  in  these  standards  are  used  for  survival  tests.  General  information 
on  shock  and  vibration  testing  can  be  found  in  books  [25-27]. 


17 


1 


Forcing  Freq.  /  Resonant  Freq. 

Fig.  6.  Vibration  Isolator  Frequency  Response. 
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The  following  analysis  addresses  an  average  frequency  offset  that  is  observed  in 
cesium  beam  frequency  standards  caused  by  low  frequency  periodic  motion.  This  motion 
can  be  either  linear  or  angular  in  nature  and  for  the  purposes  of  this  discussion  is  called 
rocking, 

The  only  components  of  the  cesium  standard  that  are  appreciably  affected  by  rocking 
are  the  cesium  beam  tube  and  the  quartz  flywheel  oscillator.  Conventional  beam  tubes 
are  sensitive  to  linear  acceleration  in  the  direction  that  is  normal  to  both  the  beam  and 
beam  ribbon.  The  sensitivity  in  this  direction  is  due  to  the  fact  that  the  deflection  of  the 
beam  caused  by  the  acceleration  is  parallel  to  the  desired  deflections  produced  by  the 
state  separation  magnets.  The  beam  tube  consequently  is  also  very  sensitive  to  angular 
motion  about  an  axis  that  is  normal  to  the  beam  but  in  the  plane  of  the  beam  ribbon. 
This  is  due  to  the  effective  acceleration  associated  with  the  Coriolis  effect  on  the  moving 
atoms  In  the  beam  when  viewed  in  a  coordinate  system  fixed  to  the  tube.  This  effective 
acceleration  is  also  parallel  to  the  desired  deflections.  Periodic  accelerations  of  both 
these  types  evidence  themselves  as  amplitude  modulation  of  the  recovered  signal, 
background  modulation,  and  linewidth  modulation.  Angular  rocking,  as  will  be  shown 
later,  can  lead  to  large  effective  accelerations.  Also  there  is  a  jc/2  shift  in  the  phase  of 
the  effective  acceleration  for  low  angular  rocking  frequencies.  All  the  phase  angles  are 
essential  elements  of  the  analysis. 

The  main  effect  on  the  quartz  flywheel  oscillator  at  these  low  frequencies  is  frequency 
modulation  caused  by  change  in  orientation  of  the  crystal  with  respect  to  the  gravitational 
g  vector  due  to  angular  rocking.  This  is  an  important  effect  at  the  present  state  of  the 
technology  of  quartz  resonators.  The  frequency  modulation  that  is  important  in  cesium 
beam  standards  is  the  residual  modulation  that  remains  with  the  standard's  frequency 
control  loop  operating.  At  frequencies  below  the  loop  cutoff  frequency,  the  frequency 
modulation  of  the  free  running  oscillator  is  reduced  and  its  phase  is  shifted  by  the 
attenuation  characteristics  of  the  servo  loop. 


An  assumption  used  in  this  first  analysis  is  that  the  intentional  modulation  used  to  find 
the  line  center  is  sinusoidal  frequency  or  phase  modulation  at  a  low  frequency.  Then  the 
normalized  beam  tube  output  signal  under  modulation  and  rocking  but  neglecting  any 
constant  background  can  be  approximated  as 
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where 


k  =  re/fL 

fL  m  static  beam  tube  linewidth,  Hz, 

F(t)  *  Af  +  M  cos(m)  +  fl  cos(v  +  <j>n)  +  \2  cos(2v  +  4>l2), 

Af  =  average  frequency  departure  from  line  center,  Hz, 

M  «  peak  frequency  modulation  of  the  intentional  line-center-finding-modulation,  Hz, 

m  =  com  t,  where  (om  is  the  modulation  angular  frequency,  radians/sec, 

fl  =  residual  rocking  peak  frequency  amplitude  of  quartz  flywheel  (multiplied  to 
cesium  frequency)  in  Hz  at  the  rocking  frequency, 

f2  =  residual  rocking  peak  frequency  amplitude  of  quartz  flywheel  (multiplied  to 
cesium  frequency)  in  Hz  at  second  harmonic  of  rocking  frequency, 

v  =  o^t,  where  cov  is  the  rocking  angular  frequency, 

4>x  =  phase  angles  for  the  time  responses  to  rocking  relative  to  the  phase  of  the 
rocking  position  function  (this  applies  to  either  linear  or  angular  rocking  position), 

L(t)  =  Iw  cos(v  +  <t>,J),  fractional  dynamic  beam  tube  linewidth  modulation, 

Iw  =  peak  fractional  change  in  linewidth  due  to  rocking, 

A(t)  =  a  cos(v  +  4>J,  fractional  dynamic  amplitude  modulation, 

a  =  peak  fractional  amplitude  change  due  to  rocking, 

B(t)  =  b  cos(v  +  <|>b),  dynamic  background  signal, 

b  =  background  amplitude  due  to  rocking, 

f0  =  line  center  frequency,  Hz,  and 

to0  =  2nf0i  radians/sec. 

Note  that  residual  rocking  frequency  peak  amplitudes,  fl  and  f2,  are  the  values  with 
the  cesium  servo  loop  operating  (closed-loop  values),  not  the  free-running  oscillator 
values.  The  servo  loop  acts  as  a  high-pass  filter  that  attenuates  the  free-running 
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amplitudes  when  the  rocking  frequency  is  below  the  loop  cutoff  frequency,  20  dB/decade 
for  a  single  integrator  loop  and  40  dB/decade  for  a  double  integrator  loop.  There  is  also 
phase  shift  associated  with  the  attenuation,  rc/2  radians  for  a  single  integrator  loop  and 
k  radians  for  a  double  integrator  loop  when  the  rocking  frequency  is  far  below  servo  loop 
cutoff. 

The  calculation  is  done  as  follows.  The  servo  loop  of  the  cesium  standard  always 
forces  the  amplitude  of  the  fundamental  modulation  frequency  component  of  l(t)  (as 
sensed  by  a  synchronous  detector  with  the  modulation  signal  as  referenco)  to  be  zero 
with  a  response  time  constant  determined  by  the  loop  characteristics.  This  is 
accomplished  by  controlling  the  average  microwave  excitation  frequency  to  the  cesium 
beam  tube.  The  microwave  frequency  is  synthesized  from  the  quartz  flywheel  oscillator. 
If  the  intentional  modulation  is  distortion  free,  the  microwave  spectrum  free  of  extraneous 
sidebands,  and  there  is  no  rocking,  then  the  average  frequency  will  be  at  the  center  of 
the  line  corresponding  to  Af  =  0  where  we  have  neglected  the  very  small  error  due  to  the 
Bloch-Siegert  effect  and  any  error  associated  with  the  small  asymmetry  caused  by  the 
special  relativistic  effects  due  to  the  velocity  spread  in  the  beam. 

To  represent  this  behavior  mathematically,  l(t)  is  first  multiplied  by  cos(m)  to  perform 
the  synchronous  detection  and  the  result  is  expanded  with  the  assumption  that  Af,  fl ,  f2, 
and  Iw  are  small  but  that  M  is  large.  It  is  also  assumed  that  the  frequency  of  the  rocking 
is  incoherent  with  and  lower  than  the  modulation  frequency.  The  expansion  is  done  to 
second  order  in  fl  (for  reasons  to  be  explained  later)  and  to  first  order  in  Af,  f2,  and  Iw; 
a  and  b  are  exactly  first  order  already.  The  zero  frequency  term,  which  contains  all  the 
parts  that  are  free  of  periodic  functions  of  m  and/or  v,  is  set  equal  to  zero  and  the 
resulting  equation  is  solved  for  Af,  the  average  frequency  offset  in  Hz  caused  by  the 
rocking.  The  final  result  is  again  expanded  to  keep  only  first  order  terms  in  a,  b,  f2,  and 
Iw  and  second  order  terms  in  fl. 

The  calculations  are  fairly  long  and  tedious  so  we  will  present  only  the  results  here. 
The  average  fractional  frequency  offset  due  to  the  lowest  order  terms  of  the  rocking 
effects  is: 


A f  _  fl  Iw  cos(4»„  - 
fa  2  fB 

O  0 

fl  a  cos(<|)„  -  <|>a) 


fl2  f2  k 2  cos(2<f>„  -  <y 

-4-  -  - 

Several  things  are  apparent.  The  modulated  background  term,  B(t),  contributes 
nothing  since  b  is  absent.  The  two  remaining  tube  effects,  linewidth  and  amplitude 
modulations,  are  multiplied  by  fl.  They  can  cancel  if  their  phases  are  the  same,  that  is, 
if  <j>lw  =  <|>a.  This  turns  out  to  be  the  case  for  many  tube  designs  and  the  relative 
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amplitudes  a  and  lw  can  be  controlled  to  a  fair  degree,  giving  the  capability  of  moderately 
good  cancellation.  Also,  since  the  tube  and  crystal  effects  are  vectorial  in  nature,  the 
frequency  shift  can  be  reduced  by  choosing  the  sensitive  directions  to  be  orthogonal  in 
the  mechanical  design  of  the  whole  cesium  standard. 

As  mentioned  earlier,  the  atomic  cesium  beam  experiences  a  Coriolis  effect  when 
there  is  angular  rocking.  If  the  rocking  frequency  is  very  low  compared  with  the  reciprocal 
of  the  beam  transit  time,  the  effective  linear  acceleration  of  the  beam  tube  undergoing 
rocking  is  approximately: 

acc(0  *  2  0p  <i)w  cos(wv  t  +  k/2)  (A.3) 

when  the  rocking  angle  is 


9^(0  =  0P  cosK  *) 


(A.4) 


where 

0p  is  the  peak  rocking  angle,  radians, 

vb.am  is  the  velocity  of  the  atoms  in  the  beam,  cm/sec,  and 

t  is  the  time,  seconds. 

(Acceleration  will  be  cm/sec2  with  the  units  used  above.) 

A  reasonable  value  for  v^  in  a  commercial  beam  tube  is  v^,^  =  1.3  x  104  cm/sec. 
If  we  take  cov  =  0.6  radians/sec  (a  rocking  period  of  10  seconds)  and  0p  =  0.3  radians 
(17°),  we  get  a  peak  effective  acceleration  of  about  4680  cm/sec2  or  4.8  g.  This 
illustrates  that  the  Coriolis  effect  can  easily  lead  to  large  effective  accelerations. 

Note  the  phase  shift  mentioned  earlier  of  rc/2  radians  between  the  effective 
acceleration  and  the  rocking  angle.  For  linear  rocking  there  is  a  phase  shift  of  it  radians 
between  the  rocking  angle  and  the  acceleration.  These  phase  angles  affect  the 
frequency  shift  through  th8  cosine  factors  in  Equation  (A.2). 

The  third  term  in  Equation  (A.2)  is  independent  of  the  beam  tube.  It  involves  the 
quartz  flywheel  oscillator  only  and  consequently  is  second  order  in  fl  and  first  order  in 
f2.  This  is  the  reason  why  second  order  terms  in  fl  were  kept  in  the  analysis. 

The  same  type  of  analysis  was  done  also  for  slow  square-wave  frequency 
modulation.  The  results  to  lowest  orders  are  identical  to  those  given  by  Equation  (A.2). 

To  carry  the  analysis  further  requires  a  functional  form  for  the  servo  loop  frequency 
response  of  the  cesium  standard.  We  consider  two  cases  here,  a  first  order  or  single 
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integrator  loop,  and  a  second  order  or  double  integrator  loop.  The  representation  used 
here  for  the  first  order  loop  frequency  response  to  oscillator  frequency  change  is 


1U  -  f1n 


yo)v 


G)„ 


(A5) 


where 

f10  is  the  amplitude  of  the  free-running  oscillator  response  to  the  acceleration, 
f  1 ,  is  the  closed-loop  response  amplitude, 

(ov  is  the  angular  rocking  frequency, 

(od  is  the  angular  cutoff  frequency  of  the  servo  loop,  and 
j  =  (-1  )1/2,  the  square  root  of  (-1). 

This  has  magnitude  cnjicn*  +  o>d2)1/2  and  phase  angle  n/2  -  tan"1(cov  /  cod). 

The  representation  for  the  second  order  loop  frequency  response,  chosen  to  have  two 
real  poles  in  the  s-plane,  is 


f12 


fl  o 
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This  has  magnitude  o)v2/[(a)v2  -  cod2)2  +  25  cov2  o)d2  /  4]1/2  and  phase  angle 

71  -  tan '[2.5  o)v  o)d  /  (a)d  -  <ov2)].  Note  that  this  phase  angle  goes  from  0  at  very  high 

frequencies  through  tc/2  at  =  cod  to  n  at  very  low  frequencies. 

f2,  and  f22,  the  second  harmonic  amplitudes,  are  obtained  from  Equations  (A.5)  and 
(A.6)  with  cov  replaced  everywhere  by  2  and  fl  replaced  by  f2. 


Figure  A.1  shows  the  absolute  value  of  the  results  from  Equation  (A.2)  for  angular 
rocking  with  the  servo  loop  characteristics  given  above.  The  parameters  chosen  for  the 
plot  are: 


cod  =  0.3  rad/sec, 

peak  rocking  angle  =  0.3  rad, 

tube  amplitude  or  linewidth  sensitivity  =  0.001  per  g, 
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Figure  A.1.  Average  Fractional  Frequency  Shift  for  Angular  Flocking  vs.  Normalised 
Rocking  Angular  Frequency. 


f  1 0  /  f0  =  f20  /  f0  =  3  x  1 0'10  (oscillator  open-loop  fractional  frequency  sensitivities  to  the 
rocking  assuming  about  1  x  10'9  perg), 

f,  =  370  Hz  (tube  static  linewidth). 

The  plot  is  for  the  worst  cases  where  there  is  no  cancellation  of  the  beam  tube 
sensitivities  and  the  most  sensitive  axis  of  the  tube  is  parallel  to  the  most  sensitive  axis 
of  the  quartz  crystal.  The  frequency  axis  has  been  normalized  to  the  loop  cutoff 
frequency.  The  cun/e  labeled  "t-o  1"  is  for  the  tube-oscillator  interaction  with  a  first  order 
loop  (first  and  second  terms  in  Equation  (A.2));  "t-o  2"  is  for  the  second  order  loop.  The 
curve  labeled  "o-o  1"  is  for  the  oscillator-only  sensitivities,  fundamental  and  second 
harmonic  (third  term  in  Equation  (A.2));  "o-o  2"  is  the  corresponding  curve  for  the  second 
order  loop.  The  null  at  oj^  /  «  1 .7  is  caused  by  the  argument  of  the  cosine  in  Equation 

(A.2)  going  through  rc/2.  The  sign  of  the  shift  changes  on  going  through  the  null.  The 
absolute  value  of  the  low  frequency  dependence  of  the  shifts  on  co^  /cod  is  given  in  Table 
A.1. 


Figure  A.2  shows  the  absolute  value  of  the  results  from  Equation  (A.2)  for  linear 
rocking.  Only  the  tube-oscillator  results  are  plotted  since  the  oscillator-only  results  are 
similar  to  those  for  angular  rocking  except  for  the  fact  that  the  crystal  response  to  the 
rocking  is  linear  so  that  any  second  harmonic  must  be  present  in  the  rocking  source. 
Note  that  the  low  frequency  dependence  for  the  first  and  second  order  loops  is  the  same. 
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Table  A.1 

Low  Frequency  Dependence  of  Shifts  on 


Interaction  Type  In 
Figure  A.1 

Low  Frequency 
Dependence 

t*o  1 

K  f 

t*o  2 

K 1  <»*)* 

0-0  1 

1  toj* 

o*o  2 

(to*  / 

Figure  A.2.  Average  Frequency  Offset  for  Linear  Rocking  vs.  Normalized  Rocking 
Angular  Frequency. 
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They  both  have  (w,  Aori)8  behavior,  This  Is  due  to  the  difference  In  phase  of  the  effective 
accelerations  for  the  angular  versus  linear  rocking,  Again,  the  null  is  caused  by  the 
argument  of  the  cosine  going  to  zero  at  to*  /  -1;  1  g  peak  acceleration  has  been 

assumed  corresponding  to  a  peak  amplitude  of  about  85  cm  at  1  Hz  rocking  frequency 
or  25  m  at  0,1  Hz.  Thus,  linear  rocking  at  these  low  frequencies  Is  not  os  Important  as 
angular  rocking. 

For  the  tube-oscillator  Interactions,  the  shift  scales  as  (acceleration)8.  For  the 
oscillator-only  effect,  the  shift  scales  as  (acceleration)*. 

It  Is  clear  that,  to  keep  the  shifts  from  rocking  small,  the  loop  cutoff  frequency  should 
be  made  as  high  as  possible  (loop  time  constant  should  be  short)  so  that  u\,  Aeri  Is  small. 

It  the  amplitude  and/or  frequency  of  the  angular  rocking  gets  largo  the  tube  behavior 
can  become  very  nonlinear  and  this  analysis  will  no  longer  be  valid.  Putting  effort  Into 
good  tube  design  to  get  cancellation  or  compensation  of  the  acceleration  effects,  along 
with  proper  care  with  regard  to  the  relative  orientations  of  the  tube  and  oscillator,  can 
reduce  the  offset  by  a  factor  of  ten  or  more.  This  is  important  If  the  shifts  are  to  be  kept 
less  than  1  x  10 13  since  the  worst  case  results  can  be  about  1  x  10  11  for  0.3  radians 
peak  rocking  angle  at  a  frequency  several  times  the  loop  cutoff  frequency. 

Vibration  at  the  modulation  frequency  Is  not  covered  by  this  calculation.  The  situation 
Is  more  complex  and  depends  much  more  on  the  details  of  the  modulation,  If  the 
vibration  frequency  exactly  equals  the  modulation  frequency  the  shifts  can  be  very  large 
and  the  magnitude  and  sign  will  depend  on  the  relative  phase  of  the  modulation  and 
vibration,  If  the  vibration  frequency  Is  close  to  the  modulation  frequency,  there  will  be 
large  frequency  excursions  at  the  difference  frequency  and  these  could  drive  the  loop  Into 
nonlinear  behavior  and  give  an  average  frequency  offset. 
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AfiB«ndl2^,:,Ylfar.aiiaa..£tl«.Qia 


a.  Gsnfiiai 

When  an  oscillator  Is  vibrated,  tha  time  depandant  acceleration  changes  tha 
oscillator's  output  frequency  In  accordance  with, 


(B.1) 


whore  a  Is  a  function  of  time.  For  simple  harmonic  vibration,  A  can  be  expressed  as 

a  -  X  cos(2 Kfvt) 

where  X  is  the  peak  acceleration,  fv  Is  the  vibration  frequency  In  Hz,  and  t  Is  the  time  in 
soconds.  Substituting  Equation  (B.2)  into  Equation  (B.1)  results  in 

f(a)  -  +  A /cos  (2n/„f).  (B,3) 

where  Af  -  (f  •  X)f0,  i.e„  the  vibration  modulates  the  output  frequency  by  ±  Af,  at  the  rate 
fw.  The  effects  of  vibration  in  the  frequency  domain  can  be  seen  from  an  examination  of 
the  output  voltage  of  an  oscillator,  which  can  be  expressed  as 

VU)-V.comt)),  (B«) 

where  ihe  phase  ${t)  is  derived  from  the  frequency  by 

I 

<K0-2»r  /  f(V)dt\  (B-5> 

Using  Equations  (B.3)  and  (B.5),  and  assuming  t„  »  0,  the  phase  becomes 

$  (t )  -2/t  f0t+{M/fy)  sin  (2n  f¥t ) .  (B.6) 

When  Equation  (B.6)  is  inserted  into  Equation  (B.4),  the  result  is 

V(t)  •V0cos{2n  f0t+(Af/fv)s\n  (2  nf¥t)) .  (B.7) 

Equation  (B.7)  is  the  expression  for  a  frequency-modulated  signal.  It  can  be  expanded 
in  an  infinite  series  of  Bessel  functions  resulting  in 

V(t)  •  V0[J0(V)  cos(2n f0t)  +  J^)cos(2n(f0^)t) 

*  v7,(f}) cos{2n{f0-fv)t)  *  Ja(p) cos(2n(f0+2f¥)t)  (B.8) 

+  J2(P)  cos(2n(f0-2fv)t)  +...] 

where  p  «  Af/fv  =  (F  •  X)tyfv  is  the  modulation  index  (from  standard  FM  theory). 

The  first  term  in  Equation  (B.8)  is  a  sine  wave  at  the  carrier  frequency  with  an 
amplitude,  relative  to  V0)  of  J0(P).  The  other  terms  represent  vibration-induced  spectral 
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lines  at  frequencies  f„  +  fv,  f0  -  fv,  f0  ♦  2fv(  f0  -  2fv,  etc.  The  ratio  of  the  power  in  the  nth 
vibration-induced  spectral  line  to  the  power  in  the  carrier,  denoted  by  St'n(fv),  Is  given  by 

(B9) 

or,  more  commonly  expressed  in  decibels  as 

a;  (owe)  <ai0> 


where  dBc  refers  to  dB  relative  to  the  carrier.  The  spectral  lines  S*’(fv)  are  delta  functions 
superimposed  on  the  phase  noise  spectrum  51(f)  vs.  f. 

In  most  situations,  the  modulation  index  p  is  less  than  0.1.  One  can  then  apply  the 
small  modulation  index  approximation  to  Equation  (B.10),  i.e.,  J0  (P)  s  1,  J,  (P)  2  p/2,  and 
Jn  (p)  s  0  for  n  i»  2. 


B.  Sinusoidal  Vibration  Example 


For  a  small  modulation  index,  using  the  approximation  from  above,  sinusoidal 
vibration  produces  spectral  lines  at  ±  fv  from  the  carrier,  where  fv  is  the  vibration 
frequency: 


St'  (0-20  log 


(T'H) 

2  fv 


(B.  11) 


Most  of  the  power  is  in  the  carrier,  a  small  amount  is  in  the  first  spectral  line  pair,  and  the 
higher  order  spectral  lines  are  negligible. 


The  sinusoidal  vibration-induced  spectral  lines  St‘(fv)  in  the  phase  noise  can  be 
calculated  from  Equation  (B.11).  For  example,  if  |f|  =  1  x  1 0  °/g  and  f0  ■  10  MHz,  then 
even  if  the  oscillator  is  completely  noise-free  at  rest,  the  s^ec^al  lines  in  the  phase  noise 
spectrum,  St  (fv),  at  a  sinusoidal  vibration  level  of  1g  along  r  will  be  as  shown  in  Table  B.l. 


C.  Random  Vibration  Example 


For  a  small  modulation  index,  random  vibration’s  contribution  to  phase  noise  is  given 
by: 


St(f) »  20  log 


U  -t,  ' 

r»M 


2  f 


(B.l  2) 


where  |A|  =  [2(PSD)]1/Z  and  PSD  is  the  power  spectral  density  of  the  vibration.  The  use 
of  St(f)  is  in  conformance  with  IEEE-1 1 39-1 988  [1 1  ].  As  can  be  seen  from  the  following 
examples,  vibrating  platforms  can  cause  severe  phase  noise  degradations. 
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Table  B.1k 

Spectral  Lines  due  to  Sinusoidal  Vibration  (|f|  =  1  x  1 0'®/g,  f0  =  10MHz,  |A|  =  1g) 


fv,  in  Hz 

S£’(fv),  in  dBc 

1 

-46 

10 

-66 

100 

-86 

1,000 

-106 

10,000 

-126 

Randonvyibration-induced  phase  noise  can  be  calculated  from  Equation  (B.12).  For 
example,  if  |f|  *  1  x  10‘9/g  and  f0  -  10  MHz,  then  even  if  the  oscillator  is  compjetely  noise 
free  at  rest,  the  phase  noise  due  solely  to  a  vibration  PSD  of  0.1g2/Hz  along  f  will  be  as 
shown  in  Table  B.2. 

Table  B.2 

Sidebands  due  to  Random  Vibration  (|rj  =  1  x  10'9/g,  f0  =  10MHz,  PSD  =  0.1g2/Hz) 


Offset  freq.,  f,  in  Hz 

2( f),  in  dBc/Hz 

1 

-53 

10 

-73 

100 

-93 

1,000 

-113 

10,000 

-133 

Figure  B.1  shows  a  typical  aircraft  random  vibration  specification  (power  spectral 
density  vs.  vibration  frequency  is  shown  in  the  upper  right  portion  of  the  figure)  and  the 
resulting  vibration-induced  phase  noise  degradation. 

D.  Large  Modulation  Index 

The  sideband  levels  at  large  modulation  indices  can  be  calculated  from  Equation 
(B.10).  For  example,  at  5g  acceleration,  the  vibration-induced  spectral  lines  in  the  phase 
noise  spectrum_produced  by  a  1575  MHz  oscillator,  or  a  5  MHz  oscillator  multiplied  by 
315,  both  with  (r|  =  2x1 0  9/g ,  are  shown  in  Table  B.3.  It  can  be  seen  that  at  fv=  5.25  Hz, 
the  sidebands  are  larger  than  the  carrier. 
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Fig.  B.l.  Random-Vibration-Induced  Phase  Noise  -  The  Effect  of  a  Typical  Aircraft 
Random  Vibration  Envelope. 

In  a  Rb  frequency  standard  (as  well  as  in  other  atomic  frequency  standards),  the 
"carrier  collapse"  effect  can  cause  a  loss  of  microwave  excitation  power  [3,4].  Modest 
acceleration  levels  can  produce  such  a  problem  at  low  vibration  frequencies.  For 
example,  when  fv  *  10  Hz  and  |r|  *  2  x  10'*  per  g,  the  peak  acceleration  level  along  r 
which  produces  (3  *  2.4  (since  J0(2.4)  «  0)  is 

|a|-  <2-4><10>  .1.80  (B-13) 

(2x1  O'9)  (6.834*10®) 

E.  Integrated  Phase  Noise  and  Phase  Excursion 

The  integrated  phase  noise  for  the  bandwidth  ft  to  f2  is 

Atf  -  fsjf)df.  (B-14) 

i 

For  random  vibration,  it  can  be  shown  that 

S,(/)-_L(PSD)(|iV„f.  (B.15) 

Cm!  u 
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Table  B.3 

Large  Modulation  Index  Example  (jr|  =  2  x  10'9/g,  f0  =  1575  MHz,  |A|  =  5g) 


WHz) 

. . J — -  - 

13 

S*'(U(dBc) 

5.25 

3.15 

+2.3 

25 

0.63 

-9.6 

50 

0.315 

-16.0 

500 

0.0315 

-36.0 

When  the  oscillator  is  subjected  to  a  simple  sinusoidal  vibration,  the  peak  phase 
excursion  follows  from  Equation  (B.6),  i.e., 


A4WA^ 


(B.16) 


One  can  use  the  example  in  Figure  B.1  to  illustrate  the  effects  of  vibration  on 
integrated  phase  noise.  The  power  spectral  density  of  the  vibration,  in  g2/Hz,  is  0.04  from 
5  Hz  to  220  Hz,  0.07(fv  7300)*  from  220  Hz  to  300  Hz,  0.07  from  300  Hz  to  1000  Hz,  and 
0.07(fv  /1 000)‘2  from  1000  Hz  to  2000  Hz.  In  the  frequency  band  of  1  Hz  to  2  kHz,  the 
phase  instability  of  the  nonvibrating  oscillator  is 

S^(f)  =  2x10'10//2  f±M<Hz 
S^(f)  =  2  x10~16  f>1KHz 

and,  from  Equation  (B.1 4),  the  integrated  phase  noise  from  1  Hz  to  2  kHz  is 

4>?~2  *10  radians2. 


(B.1 7) 


Therefore, 

i  <(>,  =1.4x1  O'5  radians. 

While  the  oscillator  is  vibrating,  the  integrated  phase  noise  is 

5  220 

4 >?  -  j (2x1  O'10//2)  df  +  J(0.04)(0.01/7)2d7 

1  5 

300 


(B.1 8) 
(B.19) 


f  (0.07)(0,01  /300)2df 
220 
1000 

J  (0.07)(0.01  lf)2df  +  J  (0.07)(0.01  *1000)2//4  df 


2000 


(B.20) 


1000 


8x10 ~7 radians2 . 


Therefore, 


«  9  x  1 0'4  radians , 


(B.21) 
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It  can  be  seen  that  the  integrated  phase  noise  <J>,2  during  vibration  is  4000  times  that  of 
the  noise  when  the  osciilator  is  not  vibrating,  and  the  rms  phase  deviation,  <(»„  is  about  60 
times  larger  during  vibration.  When  the  frequency  is  multiplied  from  10  MHz  to  10  GHz; 
e.g.,  as  it  might  be  in  a  radar  system,  the  rms  phase  deviation  increases  to  0.9  radian, 
which  can  be  catastrophic  to  systems. 


1 
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Thtt  effect  of  a  gravitational  field  on  an  oscillator  is  a  body  force  acting  upon  the 
internal  components.  Acceleration  Is  defined  as  the  second  derivative  of  displacement 
with  time.  The  effect  of  a  gravitational  field  Is  opposite  in  sense  to  an  acceleration  effect. 
Figure  C  l  shows  this  relationship  between  a  gravitational  field  and  acceleration.  One 
way  to  handle  this  effect  Is  to  use  a  »  -g. 


Referring  to  Figure  C.2,  let  x,  y  and  z  be  the  unit  vectors  fixed  to  the  major  axes  Xt 
Y,  and  Z  of  the  oscillator;  i,  j  and  ft  be  the  unit  vectors  fixed  to  the  test  bench;  and  g 
be  gravity,  of  magnitude  g  and  direction  -j.  Also,  let  y*.  yy  and  y2  be  the  components  of 
I'  along  $,qnd  2  so  that 

P  ey^X+y^y +  yf  f  (C-1) 

In  the  2-g  tipover  test,  f(a)  =  f(g),  which  can  be  expressed  as  (using  a  =  -g) 

r(g)~t0( i  -r  *g)*Ui  +9yAl-X)+9yy(l-y)+9yAJ-z))  (C'2) 

If,  initially,  x,  y  and  z  are  parallel  to  i,  j  and  ft,  and  if  we  start  the  test  by  rotating  the 
oscillator  counterclockwise  about  the  z  (or  ft)  axis,  and  if  we  define  the  angle  between  f 
and  x  as  0,  then  in  Equation  (B.2) 
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Figuro  C.2.  2-g  Tipover  Test 

j-x  »  cos{9O°-0)  -  sin0 

(C.3) 

/  •  y  «  cos  0 

(C.4) 

/•f  -  cos  (90°)  *0 

(C5) 

and  f(g")  becomes  a  function  of  0,  where 

f(0)"  f0(  1  sine  +  cos 0). 

(C.6) 

The  normalized  frequency  change  during  rotation,  per  g,  is 
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(C.7) 


A/(6)  . 


which  can  be  wiitten  as 


^(Q)  -  H 0)  .  ^  +Ytsin8  *yycosB)  -(1  +yy) 
■ 0  ^ 

-  Y*sin8+Yy(cos0  -  1) 

— (e.l  -  /If  sin(0  +  D)  -  M  sin  D 
f09 


where 


Af2  ■  Y*  +  Yy  I  D  -  tan1 


f  \ 

J-j 


;  Yx-^cosD;  Y**AfsinD. 


Equation  (C.8)  shows  that  Af(0)  vs.  6  is  a  sinusoidal  function. 


(C.8) 


(C.9) 


From  a  least-squares  fit  to  the  Af{0)  vs.  0  data  (e.g.p  to  the  16  data  points  while 
rotating  360°  in  22.5°  steps  about  one  axis,  as  shown  in  Figure  1),  we  can  determine  \ 
and  Yy  To  determine  yv  let  us  rotate  the  oscillator  about  the  x  axis,  starting  with 
x  parallel  to  ft,  y  parallel  to },  and  z  parallel  to  -i.  If  4>  is  the  angle  between  -z  and  i,  then 


/■*- 0 

(C.10) 

j  •  y  *  cos  <}> 

(C.11) 

/•i-  cos  (<f>  +90°) 

(0.12) 

*  Yw ( cos <>  - 1 )  -Y,sin<|>. 
f09 

(C.13) 

From  a  least-squares  fit  to  the  Af{<}>)  vs.  <j>  data,  we  can  determine  yv  and  obtain  a 
self-consistency  check  on  yr  Similarly,  from  a  rotation  about  the  y-axis,  we  can  obtain 
a  self-consistency  check  for  yx  and  Yr 
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Appendix  D  -  Acceleration  Effects  in  Crystal  Filters 


A.  General 

Crystal  filters  ara  used  in  frequency  sources  to  improve  the  output  spectrum  by 
attenuating  far-out  amplitude  and  phase  noise  as  well  as  harmonics  and  other  spurious 
outputs.  In  this  applica\ion,  they  are  often  called  spectrum  cleanup  filters;  however,  it  is 
well-known  that  under  vibration  such  filters  modulate  the  signals  passing  through  them, 
adding  as  well  as  removing  vibration-related  sidebands.  That  is,  the  filter  adds  its  own 
vibration-induced  sidebands  to  those  of  the  signals  it  passes.  Accordingly,  the  use  of  a 
cleanup  filter,  or  post-filter,  is  not  the  solution  to  every  phase-noise  problem  [18].  In  this 
section,  we  explore  these  effects  in  greater  detail. 

In  a  properly  designed  and  constructed  crystal  filter,  the  crystal  resonators  are  the 
principal  vibration-sensitive  components.  To  ensure  that  this  is  so,  care  must  be  given 
to  the  selection  of  other  components,  particularly  inductors,  transformers,  and  variable 
capacitors,  and  to  mechanical  design.  These  considerations  are  not  trivial,  but  detailed 
discussion  is  beyond  the  scope  of  this  document,  which  will  consider  only  crystal-  related 
effects. 

Consider  a  frequency  source  whose  nominally  sinusoidal  output  is  frequency- 
modulated  due  to  vibration  and  then  passed  through  a  filter  which  is  also  subject  to 
vibration.  (The  two  vibration  environments  will  be  assumed  to  be  the  same,  although  this 
is  not  necessarily  the  case;  e.g.,  if  either  the  source  or  the  filter  is  protected  by  vibration 
isolators.)  The  filter,  in  turn,  modulates  Doth  the  carrier  and  the  vibration  sidebands  of 
the  source;  however,  modulation  of  the  latter,  being  a  second-order  effect,  can  ordinarily 
be  neglected.  Hence,  the  vibration  sidebands  of  the  filter  output  are  essentially  the  vector 
sum  of  the  sidebands  of  the  source,  attenuated  and  phase-shifted  by  the  filter,  and  the 
sidebands  due  to  the  modulation  of  the  carrier  by  the  filter. 

Analytically,  a  filter  under  vibration  is  a  time-varying  linear  system.  At  vibration 
frequencies  which  are  much  less  than  one-half  the  filter  passband  width,  the  modulation 
due  to  vibration  of  the  filter  can  be  estimated  frorna  quasi-static  analysis.  In  the  quasi¬ 
static  case,  if  all  of  the  resonators  have  identical  f’s,  acceleration  produces  a^hift  of  the 
filter  center  frequency  equal  to  the  frequency  shift  of  the  resonators,  Af  *  f  •  X  *  f0. 
This  modulates  the  phase  of  the  carrier  by  2nA1  •  Tg(fc),  where  Tg(y  is  the  filter  group 
delay  at  the  carrier  frequency.  When  the  resonators  have  different  Fs,  a  quasi-static 
analysis  can  still  be  performed  by  considering  the  sensitivity  of  the  filter  phase 
characteristic  to  each  resonator  frequency. 

While  the  quasi-static  viewpoint  is  useful  for  some  signal-processing  applications,  in 
spectrum  cleanup  applications  very  narrow  filters  are  often  used  for  which  the  quasi-static 
analysis  is  inadequate.  In  the  next  section,  an  expression  for  the  vibration-induced 
sidebands  in  a  one-pole  filter,  valid  for  all  vibration  frequencies,  is  given;  then  the  source's 
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sidebands  are  added  in  to  obtain  the  net  effect  of  the  filter.  Section  C  then  presents 
normalized  results  for  a  two-pole  Butterworth  post-filter. 


B.  Slnale-Resonator  Filter 

The  inadequacy  of  the  quasi-static  point  of  view  was  shown  for  a  single-resonator 
(one-pole)  filter  by  Horton  and  Morley  [20]  who  observed  that  for  sinusoidal  vibration  at 
frequency  fv  and  a  sinusoidal  input  at  a  carrier  frequency,  f0,  the  output  is  a  phase- 
modulated  signal3  for  which,  for  small  phase  deviation, 

Sf’  (/„)  -20  log(T  'A  •Ql/[1  +(2 QJJfJV'2).  <D,1) 

Since  the  3  dB  bandwidth  of  a  one-pole  fitter  is 

BW-fc/QL,  (D.2) 

where  QL  is  the  loaded  Q,  Equation  (D.1)  can  be  written 

ST  (g-20log(?  ‘A‘(fe/BW)/[l  +  ft/BlY/2)2]1'2). 

From  Equations  (D.1)  and  (D.3)  it  can  be  seen  that  the  phase  modulation  exhibits  a 
frequency  dependence  corresponding  to  a  one-pole  filter  gain  characteristic.  For  vibration 
frequencies  within  the  filter  passband,  the  denominator  in  Equation  (D.3)  is  approximately 
1  and  the  vibration-induced  phase  noise  is  nearly  constant  at  the  level  predicted  by  quasi¬ 
static  analysis.  On  the  other  hand,  for  vibration  frequencies  far  removed  from  the 
passband,  Equation  (D.1)  is  asymptotic  to  Equation  (B.11).  Thus,  at  low  vibration 
frequencies  the  filter's  contribution  to  vibration-induced  phase  noise  is  less  than  that  of 
a  crystal  oscillator  using  the  same  resonator  (or,  in  general,  any  frequency  source  having 
the  same  acceleration  sensitivity)  while  at  high  vibration  frequencies  the  two  contributions 
are  the  same.  This  is  illustrated  in  Figure  D.1 .  The  curve  labelled  "filter"  represents  the 
phase  modulation  of  a  sinusoidal  carrier  by  the  filter;  "oscillator,"  the  phase  modulation 
present  on  the  untiltered  oscillator  output;  and  "filter  4  oscillator"  the  phase  modulation 
at  the  filter  output,  discussed  below.  The  vibration  frequency  is  normalized  to  one-half 
the  3  dB  bandwidth,  BW,  of  the  filter;  the  sideband  levels  are  shown  relative  to  the 
unfiltered  oscillator  sideband  level  at  BW/2. 

The  curve  labelled  "Filter  +  Oscillator"  represents  the  vector  sum  of  the  sidebands  of 
the  source,  attenuated  and  phase-shifted  by  the  filter,  and  the  sidebands  added  by  the 


3  There  is,  of  course,  some  amplitude  modulation  as  well.  Because  the  amplitude 
response  of  the  filter  is  an  even  function  of  frequency,  while  the  phase  response  is  odd, 
the  amount  of  AM  is  generally  negligible.  Further,  if  the  filter  center  frequency  and  the 
carrier  frequency  are  the  same,  then  the  AM  sidebands  occur  only  at  2fv,  4fv,  etc. 
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Filter  when  the  Filter  Resonator  has  the  Same  Acceleration  Sensitivity  as  the  Oscillator. 


filter.4  It  can  be  seen  that  for  identical  gamma  vectors  identically  oriented,  the  single-pole 
filter  does  not  improve  the  output  phase  modulation,  but  rather  degrades  it  by  as  much 
as  2.5  dB  in  the  vicinity  of  the  passband  edges.  (However,  if  the  gamma  vectors  of  the 
source  and  filter  were  oriented  anti-parallel  instead  of  parallel,  some  improvement  would 
occur  in  the  same  region.)  For  vibration  frequencies  much  greater  than  or  much  less 
than  BW /2,  the  vibration-induced  sideband  level  is  essentially  unchanged  by  the  filter. 
This  means  that  the  filter  may  still  play  a  useful  role  in  cleaning  up  spurious  responses, 
etc.,  but  in  order  to  reduce  the  vibration-reiated  sidebands  the  filter  resonator’s 
acceleration  sensitivity  must  be  less  than  the  frequency  source's. 

An  example  is  given  in  Figure  D.2  for  a  10  MHz  oscillator  having  a  g-sensitivity  of  5 
x  1010/g  with  a  single-pole  post-filter  whose  resonator  has  the  same  g-sensitivity  as  the 


4  There  is  a  further  n!2  phase  shift  between  the  sidebands  of  the  frequency  source, 
which  arise  from  a  frequency  modulation  process,  and  the  sidebands  due  to  the  filter, 
which  are  produced  by  phase  modulation. 
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oscillator,  For  this  exampla,  ths  acceleration  Is  taken  as  1  y  In  the  direction  ot  the 
gamma  vector.  The  fitter  3  dB  bandwidth  Is  100  Hz  (BW/2  ■  SO  Hz),  corresponding  to 
a  loaded  Q  of  1  x  10*. 


I 


Fig.  D.2.  Sideband  Levels  for  a  IQ  MHz  Oscillator,  |F|  *  5  x  IO‘10/g,  with  and  without  a 
One-pole  Post-filter  (BW/2  =  50  Hz)  Whose  Resonator  has  the  same  Acceleration 
Sensitivity  as  the  Oscillator. 


To  help  understand  the  trade-offs,  consider  two  vibration  frequencies.  At  fv «  50  Hz, 
£f'v  is  -86  dBc  for  the  oscillator  alone,  -89  dBc  for  the  filter  alone,  and  -83.7  dBc  for  the 
filtered  output.  If  the  filter's  g-sensitivity  were  small  enough  to  be  neglected  (or  if  it  is 
provided  with  vibration  Isolation),  then  the  filtered  output  would  be  -89  dBc,  since  the  filter 
provides  3  dB  of  attenuation.  Similarly,  at  fv  »  500  Hz,  S£'v  is  -106  dBc  for  the  oscillator 
alone,  -106  dBc  for  the  filter  alone,  and  -105.2  dBc  for  the  filtered  output.  If,  again,  the 
filter's  g-sensitivity  were  small  enough  to  be  neglected,  then  the  filtered  output  would  be 
-126  dBc,  corresponding  to  the  20  dB  of  attenuation  provided  by  the  filter. 
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C,  Multlrtaonator  Fllteri 


For  the  one-pole  titter,  the  vibration-induced  phase  modulation  turned  out  to  be 
attenuated  by  the  filter  gain,  For  filters  of  higher  order,  things  are  not  so  simple,  even  tor 
filters  having  Identical  resonators,  Since  the  resonators,  each  of  which  Is  modulating  the 
signal,  are  distributed  throughout  the  filter  network,  their  respective  contributions  to  the 
filter's  acceleration  sensitivity  are  not  the  tame,  At  low  vibration  frequencies,  quasl-statlc 
analysis  is  valid;  otherwise,  a  detailed  analysis  must  be  performed  [18,28], 

In  general,  the  vibration-induced  resonator  frequency  changes  may  differ  In 
magnitude  and  sign,  so  that  the  net  effect  is  to  produce  both  amplitude  and  phase 
modulation,  although  ordinarily,  for  signals  in  the  passband  of  the  filter,  the  principal  effect 
Is  phase  modulation,  (Further,  if  the  filter  assembly  is  not  adequately  rigid,  the  vibration- 
induced  motion  of  the  several  resonators  may  differ  In  magnitude  and  phase,  In  which 
case  analysis  is  not  likely  to  be  practical,  since  it  must  take  account  ot  structural  effects.) 

Figure  D,3  shows  the  sideband  levels  for  a  two-pole  Butterworth  filter  when  the 
acceleration  sensitivities  of  the  two  filter  resonators  are  the  same  In  magnitude  and 
orientation  as  that  of  the  oscillator,  and  the  center  frequency  of  the  filter  equals  the 
oscillator  frequency.  It  is  seen  that  the  filter  provides  no  net  improvement  in  the  vibration 
induced  sidebands  and  a  degiadatlon  of  3  dB  at  the  filter  passband  edge. 

The  net  effect  of  the  filter  Is  more  easily  seen  in  Figure  D.4,  which  shows  the 
vibration  sideband  reduction  for  the  two-pole  Butterworth  as  a  function  of  normalized 
vibration  frequency,  with  the  gamma  ratio,  defined  as |ff|<*0^|/|l*,0unJi  as  a  parameter. 
Three  curves  are  shown.  A  gamma  ratio  of  1  corresponds  to  the  equal-gamma  case 
Figure  D.3;  a  ratio  of  0.5,  to  the  case  in  which  the  acceleration  sensitivity  of  the  filter 
crystals  is  one-half  that  of  the  source;  and  a  ratio  of  0.2  to  the  case  in  which  the 
acceleration  sensitivity  of  the  filter  crystals  is  one-fifth  that  of  the  source. 

The  relative  contributions  of  the  filter  resonators  can  only  be  touched  upon  here, 
since  a  given  filter  characteristic  can  be  realized  by  many  different  circuit  configurations. 
If  our  two-pole  example  is  realized  as  a  ladder  network  or  as  two  one-pole  half-lattice 
sections  In  tandem,  then,  at  low  vibration  frequencies,  both  resonators  contribute  equally, 
while  at  frequencies  in  the  stopband  the  resonator  nearer  the  output  port  is  the  primary 
contributor  to  vibration-induced  modulation.  Additionally,  the  relative  contributions  of  the 
resonators  may  be  expected  to  change  as  a  function  of  the  frequency  of  the  source 
relative  to  the  filter  center  frequency,  so  that  any  cancellation  technique  will  be  limited  to 
a  narrow  range  of  vibration  frequencies. 

D.  Conclusions  About  the  Use  of  Crystal  Filters  for  Spectrum  Cleanup 

While  spectrum  cleanup  filters  play  a  valuable  role  in  the  reduction  of  spurious 
outputs  in  frequency  sources,  they  do  not  solve  the  problem  of  acceleration  sensitivity. 
The  examples  given  here  are  representative:  in  order  for  a  post-filter  to  reduce  the 
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(liter  when  the  Filter  Resonators  have  the  Same  Acceleration  Sensitivity  as  the  Oscillator. 


vibration-induced  sidebands  of  a  frequency  source,  it  must  have  either  mechanical 
Isolation  or  resonators  whose  g-sensitivlty  is  better  than  that  of  the  frequency  source. 
Although  the  treatment  has  been  in  terms  of  sinusoidal  vibration,  the  extension  to  other 
vibration  spectra  is  obvious. 

Acceleration  effects  in  crystal  filters  are  also  of  Importance  in  a  variety  of  signal¬ 
processing  applications  which  are  beyond  the  scope  of  this  document.  The 
considerations  for  these  are  somewhat  different  than  for  spectrum  cleanup,  although  the 
basic  relations  are  the  same. 
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Fig.  D.4.  Reduction  in  Vibration  Sideband  Levels  for  a  Source  with^a  Two-pole 
Butterworth  Post-filter,  for  Three  Values  of  the  Gamma  Ratio,  TWcry^il/l^ourcJ- 
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Appendix  E 

Acceleration-Relevant  Paragraphs  from  MIL-Q-55310C5 


A.  Requirements 

3.1  Specification  sheets.  The  individual  item  requirements  shall  be  as  specified 
herein  in  and  in  accordance  with  the  applicable  specification  sheet.  In  the  event 
of  any  conflict  between  the  requirements  of  this  specification  and  the  specification 
sheet,  the  latter  shall  govern. 

3.7.16  Short-term  stability  (see  6.3.26  and  6.3.29)  (when  specified,  see  3.11. 

3.7.16.2  Phase  noise,  random  vibration  (when  specified,  see  3.1).  When 
measured  as  specified  in  4.9.17.2,  the  phase  noise,  S?(f)  (see  6.3.28),  shall  not 
exceed  the  values  specified  for  the  random  vibration  levels  and  spectra  specified. 

3.7.16.3  Phase  noise,  acoustic  (when  specified,  see  3.1).  When  measured  as 
specified  in  4.9.17.3,  the  phase  noise,  S£(f)  (see  6.3.28),  shall  not  exceed  the 
values  specified  for  the  acoustic  intensities  and  spectra  specified. 

3.7.17  Acceleration  sensitivity  (see  6.3.301  (when  specified,  see  3.1). 

3.7.17.1  Acceleration  sensitivity,  steadv-state  (when  specified,  see  3.11.  When 
tested  as  specified  in  4.9.18.1 ,  the  frequency  change  per  unit  of  acceleration  shall 
not  exceed  the  value  specified  at  acceleration  levels  up  to  the  maximum 
specified. 

3.7.17.2  Acceleration  sensitivity.  2a  tip-over  (when  specified,  see  3.1).  When 
tested  as  specified  in  4.9.1 8.2,  the  acceleration  sensitivity  due  to  2g  tip-over  shall 
not  exceed  the  value  specified.  If  specified,  the  maximum  acceleration  sensitivity 
shall  be  in  the  direction  specified.  If  specified,  the  direction  of  the  acceleration 
sensitivity  vector  (expressed  in  terms  of  its  three  unit  vectors)  shall  be  recorded 
and  supplied  with  serial  number  for  each  oscillator  produced. 

3.7.17.3  Acceleration  sensitivity,  vibration  (when  specified,  see  3.1).  When 
tested  as  specified  in  4.9.18.3,  the  low  level  acceleration  sensitivity  shall  not 
exceed  the  value  specified  for  the  maximum  acceleration  specified.  If  specified, 
the  maximum  acceleration  sensitivity  shall  be  in  the  direction  specified.  If 
specified,  the  direction  of  the  acceleration  sensitivity  vector  (expressed  in  terms 


5  In  MIL-O-5531 0,  section  3  (paragraphs  3.1  to  3.9.2.6)  contains  the  "Requirements." 
and  section  4,  the  corresponding  "Quality  Assurance  Provisions."  Section  6  contains 
definitions. 
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of  its  three  unit  vectors)  shall  be  recorded  and  supplied  with  serial  number  for 
each  oscillator  produced. 

3.7.31  Accumulated  time  error  (when  specified,  see  3.2).  When  tested  in 
accordance  with  4.9.32,  the  time  integral  of  fractional  frequency  change  for  a 
specified  time  interval  resulting  from  specified  time  variant  conditions 
(temperature,  acceleration,  radiation,  etc.)  shall  not  exceed  the  values  specified. 

3.7.32  Clock  accuracy  (type  7)  (see  6.3.40). 

3.7.32.1  Clock  accuracy  (corrected  pulse  train  output).  When  tested  in 
accordance  with  4.9.33.1 ,  the  clock  accuracy  of  a  microcomputer  compensated 
crystal  oscillator  with  a  time-corrected  pulse  train  output,  operating  over  the 
specified  conditions  (temperature,  acceleration,  radiation,  etc.)  for  the  specified 
duration  after  syntonization  and  synchronization,  shall  not  exceed  the  value 
specified  (see  3.2). 

3.7.32.2  Clock  accuracy  (digital  time-of-dav  output).  When  tested  in  accordance 
with  4.9.33.2,  the  clock  accuracy  of  a  microcomputer  compensated  crystal 
oscillator  with  a  digital  clock  time-of-day  output,  operating  over  the  specified 
conditions  (temperature,  acceleration,  radiation,  etc.)  for  the  specified  duration 
after  syntonization  and  synchronization,  shall  not  exceed  the  value  specified  (see 
3.2). 

3.7.37  Vibration. 

3.7.37.1  Vibration,  sinusoidal  (nonoperating).  After  undergoing  the  test  specified 
in  4.9.38.1,  the  oscillator  shall  be  capable  of  operation.  Unless  otherwise 
specified  (see  3.1),  the  requirements  specified  in  3.7.4,  3.7.19,  and  3.7.36  shall 
be  met. 

3.7.37.2  Vibration,  sinusoidal  (operating)  (when  specified,  see  3.1).  While 
undergoing  the  test  as  specified  in  4.9.38.2,  the  oscillator  shall  be  capable  of 
operation.  Unless  otherwise  specified  (see  3.1),  during  the  test,  the  requirements 
specified  in  3.7.4  and  3.7.19  shall  be  met.  The  requirements  in  3.7.17.3  shall  be 
met  when  specified. 

Unless  otherwise  specified  (see  3.1),  following  the  above  tests,  the  requirements 
of  3.7.36  shall  be  met. 

3.7.37.3  Vibration,  random  (nonoperating)  (when  specified,  see  3.1).  After 
undergoing  the  test  specified  in  4.9.38.3,  the  oscillator  shall  be  capable  of 
operation.  Unless  otherwise  specified  (see  3.1),  the  requirements  specified  in 
3.7.4,  3.7.19,  and  3.7.36  shall  be  met. 
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3.7.37.4  Vibration,  random  (operating)  (when  specified,  see  3.1).  While 
undergoing  the  test  as  specified  in  4.9.38.4,  the  oscillator  shall  be  capable  of 
operation.  Unless  otherwise  specified  (see  3.1),  during  the  test,  the  requirements 
specified  in  3.7.4  and  3.7.19  shall  be  met.  The  requirements  in  3.7.16.2  shall  be 
met  when  specified. 

Unless  otherwise  specified  (see  3.1 ),  following  the  above  tests,  the  requirements 
of  3.7.36  shall  be  met. 

3.7.38  Acoustic  noise  (operating)  (when  specified,  see  3.1).  While  undergoing 
the  test  as  specified  in  4.9.39,  the  oscillator  shall  be  capable  of  operation. 
Unless  otherwise  specified  (see  3.1)  during  the  test,  the  requirements  specified 
in  3.7.4  and  3.7.19  shall  be  met.  The  requirements  in  3.7.16.3  shall  be  met  when 
specified. 

Unless  otherwise  specified  (see  3.1),  following  the  above  tests,  the  requirements 
of  3.7.36  shall  be  met. 

3.7.39  Shock  (specified  pulse)  (nonoperating).  After  undergoing  the  test 
specified  in  4.9.40,  the  oscillator  shall  be  capable  of  operation.  Unless  otherwise 
specified  (see  3.1)  the  requirements  specified  in  3.7.1,  3.7.4,  3.7.9  (frequency- 
adjustable  oscillators  only),  3.7.13,  3.7.19,  and  3.7.36  shall  be  met.  The 
requirements  of  3.7.10  shall  be  met  when  specified. 

3.7.40  Acceleration  (when  specified,  see  3.1). 

3.7.40.1  Acceleration  (nonoperating)  (when  specified,  see  3.1).  After  undergoing 
the  test  specified  in  4.9.41 .1 ,  the  oscillator  shall  be  capable  of  operation.  Unless 
otherwise  specified  (see  3.1),  the  requirements  specified  in  3.7.1, 3.7.4,  3.7.19, 
and  3.7.36  shall  be  met. 

3.7.40.2  Acceleration  (operating)  (when  specified,  see  3.11.  While  undergoing 
the  test  as  specified  in  4.9.41 .2,  the  oscillator  shall  be  capable  of  operation  at  all 
acceleration  levels  to  the  maximum  specified.  Unless  otherwise  specified,  during 
the  test,  the  requirements  specified  in  3.7.4,  3.7.17.1  and  3.7.19  shall  be  met. 

Unless  otherwise  specified  (see  3.1 ),  following  the  above  tests,  the  requirements 
specified  in  3.7.36  shall  be  met. 


3.  Quality  Assurance  Provisions 

4.9.17  Short-term  stability  (when  specified,  see  3.1)  (see  3.7.16). 

4.9.17.2  Phase  noise,  random  vibration  (when  specified,  see  3.1)  (see  3.7.16.2 
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and  6.3.28).  The  oscillator  shall  be  subjected  to  random  vibration  (operating) 
specified  in  4.9.38.3.  The  spectral  density  of  phase  fluctuations,  S#(f),  shall  be 
measured  in  accordance  with  NIST  Technical  Note  1337  and  the  test 
configuration  of  Figure  5  for  the  random  vibration  levels  and  spectra  specified. 
The  phase  noise,  expressed  as  S£(f),  in  dBc  per  Hz,  as  defined  in  6.3.28,  shall  not 
exceed  the  values  specified. 

4.9.17.3  Phase  noise,  acoustic  (when  specified,  see  3.1)  (see  3.7.16.3  and 
6.3.28).  The  oscillators  shall  be  subjected  to  "acoustic  noise  (operating)" 
specified  in  4.9.39.  The  spectral  density  of  phase  fluctuations,  S4(f),  shall  be 
measured  in  accordance  with  NIST  Technical  Note  1337  and  the  test 
configuration  of  Figure  5  for  the  acoustic  noise  intensities  and  spectra  specified. 
The  phase  noise,  expressed  as  Sf(f),  in  dBc  per  Hz,  as  defined  in  6.3.28,  shall  not 
exceed  the  values  specified. 

4.9.18  Acceleration  sensitivity  (when  specified,  see  3.1)  (see  3.7.17). 

4.9.18.1  Acceleration  sensitivity,  steady-state  (when  specified,  see  3.1)  (see 

3.7.17.1) .  The  oscillator  shall  be  subjected  to  "acceleration  (operating)"  specified 
in  4.9.41 .2.  Measurements  shall  be  made  at  least  5  equally  spaced  acceleration 
levels  between  20  percent  of  the  maximum  and  the  maximum  specified.  The 
frequency  change  per  unit  g  of  acceleration  shall  be  determined  graphically  for 
all  acceleration  levels  to  the  maximum  specified.  The  following  details  shall 
apply: 

a.  Test  configuration:  See  Figure  5. 

b.  Acceleration  level:  As  specified  (see  3.1). 

c.  Orientation  (direction):  As  specified  (see  3.1). 

4.9.18.2  Acceleration  sensitivity,  2q  tip-over  (when  specified,  see  3.1)  (see 

3.7.17.2) .  Three  mutually  perpendicular  axes  shall  be  defined  relative  to  the 
external  oscillator  package.  For  each  of  the  three  axes,  the  following  procedure 
shall  be  followed. 

a.  Position  the  oscillator  with  the  ith  axes  vertical  and  the  unit  vector 
parallel  to  the  positive  ith  axis  pointing  upward. 

b.  Record  the  frequency  and  call  it  f\ 

c.  Position  the  oscillator  with  the  ith  axis  vertical  and  the  unit  vector 

parallel  to  the  negative  ith  axis  pointing  upward. 

d.  Record  the  frequency  and  call  it  f. 
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#.  Calculate  y 


/,+  -  fi 


ft  +  f; 

After  all  three  axes  are  measured,  calculate  the  magnitude  and  direction  of  the 
acceleration  sensitivity  vector,  r,  as  follows: 

in  -  + 

and  r  ■  y,f  +  yj  «•  Y»fc 

where  i,  j  and  k  are  the  unit  vectors  parallel  to  the  positive  direction  of  axis  1 ,  2, 
and  3  respectively. 

Precautions: 

Care  must  be  taken  to  ensure  that  the  observed  frequency  changes  are  not  due 
to  gravitation-induced-thermal-convection-current  changes  within  the  oscillator. 
This  condition  is  guarded  against  by  performing  the  position  change  and 
frequency  measurement  as  rapidly  as  possible.  Verification  is  obtained  by 
repeatable  measured  frequency  changes  following  repetitive  position  changes 
inasmuch  as  the  changes  due  to  altered  convection  currents  are  generally  not 
repeatable. 

4.9.18.3  Acceleration  sensitivity,  vibration  (when  specified,  see  3.11  fsee 
3.7.17.3). 

4.9.18.3.1  Acceleration  sensitivity,  sinusoidal  vibration.  The  oscillator  shall  be 
subjected  to  vibration,  sinusoidal  (operating)  specified  in  4.9.38.2.  A  sinusoidal 
excitation  shall  be  applied  to  the  vibration  machine  at  a  level  not  to  exceed  20g’s 
or  the  value  specified.  The  frequency  of  vibration,  fv,  shall  be  varied  over  the 
frequency  range  specified  in  a  logarithmic  progression  of  not  fewer  than  7 
frequencies  per  decade.  At  each  vibration  frequency  the  relative  sideband 
intensity,  i.e.,  the  ratio  of  the  power  in  the  upper  vibration-induced  sideband  to  the 
power  at  the  unmodulated  signal  frequency,  shall  be  determined.  The 
acceleration  sensitivity  at  each  vibration  frequency  shall  be  determined  from  the 
following: 

2  f  10(''(^°> 


Where: 

Y,  =  Acceleration  sensitivity  along  axis  i  (i=1 , 2,  or  3) 


47 


fv  *  Vibration  frequency 

a,  »  Acceleration  frequency 

v0  *  Carrier  frequency 

li(fv)  =  Relative  sideband  intensity  (power  ratio)  in  dBc  (see 

6.3.28)  when  the  vibration  at  frequency  fv  is  along  the  i 
axis.6 

The  acceleration  sensitivity  for  each  axis  is  the  maximum  value  measured  for  any 
vibration  in  the  range  specified.  The  above  procedure  is  repeated  for  two  other 
axes  such  that  the  three  axes  are  mutually  perpendicular.  The  magnitude  and 
direction  of  the  acceleration  sensitivity  vector,  f ,  shall  be  calculated  as  specified 
in  4.9.18.2. 

The  following  details  apply: 

a.  Test  configuration:  See  Figure  14. 

b.  Vibration  level:  As  specified  (see  3.1). 


c.  Vibration  frequency  range:  As  specified  (see  3.1). 


Fig.  E.l.  Quadrature  Phase  Detection  Method  (This  figure  is  Fig.  5  in  MIL-O-55310B). 


4.9.18.3.2  Acceleration  sensitivity,  random  vibration.  It  is  acceptable  to  assume 


®Note  that  l,(fv)  in  MIL-0-553  IOC  would  be  denoted  by  L,’(fv)  as  in  Eq.  2.9  on  page  24. 
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that  the  acceleration  sensitivity  under  random  vibration  is  the  same  as  under 
sinusoidal  vibration.  The  sinusoidal  vibration  test  method  detailed  in  4.9.18.3.1 
is  preferred  for  measuring  the  acceleration  sensitivity  of  a  crystal  oscillator  in  a 
vibrating  environment. 

4.9.32  Accumulated  time  error  (when  specified,  see  3.2)  (see  3.7.31 ).  The 
oscillator  shall  be  subjected  to  the  specified  time  variant  conditions.  The  time 
integral  of  the  induced  frequency  offset,  for  the  specified  time  interval  shall  be 
determined. 

4.9.33  Clock  accuracy  (see  3.7.32). 

4.9.33.1  Clock  accuracy  (type  7)  (corrected  pulse  train  output)  (see  3.7.32.11. 
The  oscillator  shall  be  subjected  to  the  specified  operating  conditions 
(temperature,  supply  voltage,  acceleration,  radiation,  etc.).  The  clock  accuracy 
shall  be  determined  by  measurement  of  time  error  (or  time  errors,  if  effects  are 
tested  for  separately)  over  the  specified  interval  (or  fraction  thereof,  if  resulting 
frequency  offset  is  constant)  under  the  worst  case  combination  of  operating 
conditions. 

4.9.33.2  Clock  accuracy  (type  71  (digital  time-of-dav  output)  (see  3.7.32.21.  The 
clock  accuracy  shall  be  determined  as  specified  in  4.9.33.1. 

4.9.38  Vibration  (see  3.7.37). 

4.9.38.1  Vibration,  sinusoidal  (nonoperating)  (see  3.7.37.1).  The  oscillator  shall 
be  tested  in  accordance  with  MIL-STD-202,  method  204.  The  following  details 
shall  apply: 

a.  Method  of  mounting:  Unless  otherwise  specified,  see  3.1,  the  oscillator 
shall  be  attached  by  its  normal  mounting  means  to  a  rigid  fixture  capable 
of  transmitting  the  specified  vibration  condition.  There  shall  be  no 
resonance  in  the  mounting  structure  within  the  range  of  vibration 
frequencies  specified. 

b.  Test  condition  letter:  As  specified  (see  3.1). 

c.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  After  test:  As  specified  in  4.9.5,  4.9.20,  and  4.9.37. 

4.9.38.2  Vibration,  sinusoidal  (operating)  (when  specified,  see  3.1)  (see 
3.7.37.2).  The  energized  oscillator  shall  be  subjected  to  a  sinusoidal  vibration 
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test,  as  follows: 

The  oscillator  shall  be  rigidly  mounted  to  the  platform  of  a  vibration  machine.  A 
sinusoidal  excitation  shall  be  applied  to  the  vibration  machine  at  the  level 
specified.  The  frequency  of  vibration  shall  be  advanced  over  the  frequency  range 
specified  in  a  logarithmic  profession  of  no  fewer  than  7  frequencies  per  decade. 
At  each  vibration  frequency  the  specified  measurements  shall  be  performed.  The 
following  details  shall  apply: 

a.  Mounting:  As  specified  in  4.9.38. 

b.  Peak  vibration  level:  As  specified  (see  3.1). 

c.  Frequency  range:  As  specified  (see  3.1). 

d.  Direction  of  motion:  Three  mutually  perpendicular  directions  (unless 
otherwise  specified,  see  3.1). 

e.  Duration:  2  hours  maximum  (unless  otherwise  specified,  see  3.1). 

f.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  During  test:  As  specified  in  4.9.S,  4.9.18.3.1,  and  4.9.20. 

(3)  After  test:  As  specified  in  4.9.37. 

4.9.38.3  Vibration,  random  (nonoperating)  (when  specified,  see  3.11  (see 
3.7.37.3).  The  energized  osciliators  shall  be  tested  in  accordance  with  MIL-STD- 
202,  method  204.  The  following  details  shall  apply: 

a.  Mounting:  As  specified  in  4.9.38. 

b.  Test  condition:  As  specified  (see  3.1). 

c.  Duration:  As  specified  (see  3.1). 

d.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  After  test:  As  specified  in  4.9.37. 

4.9.38.4  Vibration,  random  (operating)  (when  specified,  see  3.1)  fsee 
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3.7.37.4).  The  energized  oscillator  shall  be  subjected  to  a  random  vibration  test, 
as  follows: 

The  oscillator  shall  be  rigidly  mounted  to  the  platform  of  a  vibration  machine.  A 
random  vibration  shall  be  applied  at  the  levels  and  frequencies  of  the  vibration 
spectrum  specified.  The  following  details  shall  apply: 

a.  Mounting:  As  specified  in  4.9.38.1. 

b.  Power-Spectral  Density  Curve:  As  specified  (see  3.1). 

c.  Direction  of  Motion:  Three  mutually  perpendicular  directions  (unless 
otherwise  specified,  see  3.1). 

d.  Duration:  15  minutes  maximum  on  each  axis  (unless  otherwise  specified, 
see  3.1). 

e.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  During  test:  As  specified  in  4.9.5,  4.9.17.2,  and  4.9.20. 

(3)  After  test:  As  specified  in  4.9.37. 

4.9.39  Acoustic  noise  (operating)  (when  specified,  see  3.1)  (see  3.7.38).  The 
energized  oscillator  shall  be  tested  in  accordance  with  MIL-STD-810,  method 
515,  procedure  I.  The  following  details  shall  apply: 

a.  Category:  As  specified  (see  3.1). 

b.  Overall  sound  pressure:  As  specified  (see  3.1). 

c.  Exposure  time:  As  specified  (see  3.1). 

d.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  During  test:  As  specified  in  4.9.5,  4.9.17.3,  and  4.9.20. 

(3)  After  test:  As  specified  in  4.9.37. 

4.9.40  Shock  (specified  pulse)  (nonoperating,  see  3.7.391.  The  oscillator  shall 
be  tested  in  accordance  with  MIL-STD-202,  method  213.  The  following  details 
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shall  apply: 

a.  Method  of  mounting:  The  oscillator  shall  be  attached  to  a  rigid  fixture. 

b.  Test  condition  I  (unless  otherwise  specified,  see  3.1). 

c.  Number  of  blows:  Two  blows  in  each  of  the  three  mutually  perpendicular  axes. 

d.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  After  test:  As  specified  in  4.9.2,  4.9.5,  4.9.10,  4.9.11,  4.9.14,  4.9.20,  and 
4.9.37. 

4.9.41  Acceleration  (see  3.7.40). 

4.9.41.1  Acceleration  (nonoperating)  (when  specified,  see  3.11  (see 
3.7.40.1).  The  oscillator  shall  be  tested  in  accordance  with  MIL-STD-202,  method 
212.  The  following  details  shall  apply: 

a.  Test  condition  C  (unless  otherwise  specified,  see  3.1). 

b.  Acceleration  level:  As  specified  (see  3.1). 

c.  Measurements:  Unless  otherwise  specified  (see  3.1). 

(1)  Before  test:  As  specified  in  4.9.37. 

(2)  After  test:  As  specified  in  4.9.2,  4.9.5,  4.9.20,  and  4.9.37. 

4.9.41.2  Acceleration  (operating)  (when  specified,  see  3.1)  (see  3.7.40.2).  The 
energized  oscillator  shall  be  subjected  to  an  acceleration  test  as  follows: 

The  acceleration  shall  be  produced  using  a  centrifuge  or  similar  machine.  A 
steady-state  acceleration  shall  be  applied  at  the  specified  level  for  the  specified 
duration.  Measurements  shall  be  made  at  5  equally  spaced  acceleration  levels 
between  20  percent  of  the  maximum  and  the  maximum  specified.  The  following 
details  shall  apply: 

a.  Acceleration  level:  As  specified  (see  3.1). 

b.  Acceleration  duration:  As  specified  (see  3.1). 

c.  Measurements:  Unless  otherwise  specified  (see  3.1). 
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(1)  Before  test:  As  specified  in  4.9.37. 

(2)  During  test:  As  specified  in  4.9.5,  4.9.18.1,  and  4.9.20. 

(3)  After  test:  As  specified  in  4.9.37. 
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